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A COLD CATHODE I O N  SOURCE MASS SPECTROMETER 
EMPLOYING I O N  COUNTING TECHNIQUES 

By F .  L. Torney, Jr . ,  P .  Blum, P.  Fowler and J .  R.  Roehrig 
Norton  Research  Corporation 

SUMMARY 

A need has e x i s t e d   f o r  some time t o  improve  the  per-  
formance  of  ultrahigh vacuum ( U H V )  r e s i d u a l   g a s   a n a l y z e r s .  
Consequently,  a comprehensive  research  and  development 
program has been  undertaken  (under NAS1-2691 and NAS1-5347) 
t o  improve t h e  primary  elements  of UHV r e s i d u a l   g a s  
ana lyze r s ;  namely the  ion   sou rce ,  mass ana lyzer   and   ion  
d e t e c t o r .  As a r e s u l t   o f  t h i s  e f f o r t ,  a new type  of  
spectrometer  has  been  developed  employing a cold-cathode 
source   o f   ions ,  a quadrupole mass analyzer ,   and  an  ion 
c o u n t i n g   d e t e c t o r .  The ins t rument  i s  cal led a cold-cathode 
ion  source/quadrupole  (CCIS/Quad) mass spec t romete r .   I n  
i t s  present   form,  it i s  des igned   fo r   gene ra l   l abo ra to ry   u se .  
With a p p r o p r i a t e   m i n i a t u r i z a t i o n ,  t h e  in s t rumen t  i s  
p a r t i c u l a r l y   s u i t a b l e   f o r   s p a c e  f l i g h t  appl ica t ions   which  
emphasize low  power  and  weight. 

The new i n s t r u m e n t   f e a t u r e s  a cold-cathode  ion  source 
adap ted   fo r   u se  w i t h  a purchased  quadrupole mass ana lyze r .  
The de tec to r   o f   t he   i n s t rumen t   has   a l so   been   mod i f i ed  t o  
enhance t h e  ou tpu t   s igna l - to -no i se  (S/N) r a t i o  by  means of 
ion   count ing   techniques .   Al though  the   ana lyzer  i s  n o t  
t h e o r e t i c a l l y   o p t i m a l   f o r   u s e   w i t h  t h e  C C I S ,  t h e  performance 
of the overa l l   ins t rument   d i sp lays   no tab le   improvements  
i n   s e n s i t i v i t y ,  S /N r a t i o  and spectral  c leanl iness   which  
are impor t an t   t o   t he   p rob lems   o f  UHV r e s i d u a l   g a s   a n a l y s i s .  



Resolu t ion  of t h e  new lns t rumen t  i s  i d e n t i c a l  t o  t h a t  
obtained  f rom a comparable  hot-fi lament  instr’ument  and 
appears  l i m i t e d  only by the   des lgn  of the   quadrupole  
ana lyze r .  

Response   cha rac t e r i s t i c s  of t h e  CCIS,’Quad (ou tpu t  vs .  
p a r t i a l   p r e s s u r e )   h a v e   b e e n   s t u d i e d  for N 2 ,  A r ,  and N e  

i n   t h e   r a n g e  4 x 1 0  Torr (nLtrogen) t o  approximately - 1 2  

10-O Torr us ing   dc   cu r ren t   and   i on   coun t ing   t echn iques .  
Good agreement was noted  between  the  methods  and  wlth 
p r e v i o u s l y   p u b i i s h e d   d a t a .   A d d i t i o n a l l y ,   r e s p o n s e  
cha rac t e r i s t i c s   have   been   measu red   fo r  H e  and K r  I n   t h e  
range of 3 x lo-’ Torr to  1 x Torr The upper l l m i t  
of p a r t i a l   p r e s s u r e   a n a l y s i s   u s i n g   c o u n t i n g   t e c h n i q u e s  
i s  p r i m a r i l y   e s t a b l l s h e d  by the   speed  of t h e  i o n  count ing  
e l e c t r o n i c s .  i n  t h e   p r e s e n t  work t h i s  i l m i t  is approximately 
1 0 6  counts  per m l n u t e ,   c o ~ r e s p o n d l n g  t o  a n i t r o g e n   p a r t i a l  
p r e s s u r e  of 1 x LO Torr. -10 

The ion  countrrlg S/N r a t l O  :jf t he   l n s t rumen t   has   been  
s t u d l e d  as a f u n c t i a n  of c e r t a i n   a p e r a t i n g  parameters such 
as anode  voltage,  maqnettlc f l e l d ,  r e t a r d i n g   v o l t a g e ,  
mu l t ip l i e r   ga in   and  Ion a c c e l e r a t i n g   v o l t a g e .  An opt imal  
choice  of these  parameters   has   been made, A small photon 
noise  background  has  been discovered emanating  from  the 
C C I S .  Unllke  the  famil. iar   Bayard-Alpert  (B-A) gauge 
x - ray   cu r ren t ,   t he  C C I S  n o l s e  1s  pressure   dependent .  
This  background  can be overcome by l o c a t i n g   t h e   m u l t i p l i e r  
off ax i s   and  b y  e l e c t r o s t a t l c a l i y   d e f l e c t i n g   t h e   i o n  beam 
t o   t h e   f i r s t  dynode.  This method has  been   u sed   success fu l ly  
t o  avoid  x-ray  induced  noise 111 a commercial ho t - f i l amen t  
quadrupole.  

2 
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I n  o t h e r   r e c e n t   s t u d i e s ,  i t  has  been shown t h a t   t h e  
use   o f   i on   coun t ing   t echn iques   o f f e r s   p romise   o f   ma jo r  
improvements i n   i n s t r u m e n t  S/N r a t i o  when compared wi th  
convent iona l   ion   cur ren t   de tec t ion   methods .   Moreover ,  if 
r e c e n t l y   i m p r o v e d   e l e c t r o n   m u l t i p l i e r s  are used,  t h e  

c o u n t i n g   d e t e c t o r   a l s o   p r o m i s e s   t o   e l i m i n a t e   u n c e r t a i n t i e s  
i n   mu l t ip l i e r   ga in .   Add i t iona l ly ,   anomalous   r e sponses   o f  
t h e   m u l t i p l i e r   t o   i o n i c  mass, s t r u c t u r e ,  and momentum 
can  probably  be  circumvented. 

T h i s   r e p o r t  w i l l ,  t h e r e f o r e ,   d e s c r i b e  i n  de ta i l  a l l  
phases  of  the  research  and  development  programs  pertaining 
to   the   deve lopment   o f  t h e  new instrument.  Complete  con- 
s t ruct ion  and  assembly  drawings of t h e  C C I S  are inc luded  
t o g e t h e r   w i t h   i n s t r u c t i o n s   f o r   a d a p t i n g   t h e   s o u r c e   t o  a 
commerc ia l   ana lyzer .   Ins t ruc t ions  are a l s o   i n c l u d e d   f o r  
t h e   i n s t a l l a t i o n ,   p r e p a r a t i o n  and ope ra t ion   o f  t h e  ins t rument  
as an  UHV r e s i d u a l   g a s   a n a l y z e r .   F i n a l l y ,   d e t a i l e d   d e s c r i p t i o n s  
of  the  equipment  and  techniques  used  to  modify  the  instrument 
fo r   i on   coun t ing   de t ec t ion   a r e   i nc luded   t oge the r  w i t h  t h e  
r e s u l t s  of a recent ly   comple ted   eva lua t ion  of t h e   i o n  
count ing   de tec t ion   method.  

INTRODUCTION 

R e s i d u a l   g a s   a n a l y s i s   i n   u l t r a h i g h  vacuum i s  still 
a problem of s izeable  importance  in   space research 
ins t rumen ta t ion   a l though   r e s idua l   gas   ana lyze r s  ( R G A ' s )  

f i nd   w idesp read   u se   i n   l abo ra to ry   and   i n   space f l igh t  
a p p l i c a t i o n s .   I n   g e n e r a l ,  these ins t rumen t s   have   ce r t a in  
fundamental   problems  which  have  not  been  adequately  solved 
f o r  a l l  p o t e n t i a l   a p p l i c a t i o n s .  The f i r s t  problem i s  one 
of i n s t r u m e n t   s e n s i t i v i t y .  The r e s o l v e d   i o n  beam t y p i c a l l y  
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r e p r e s e n t s   a n   o u t p u t   c u r r e n t   s e n s i t i v i t y  of t h e   o r d e r  of 
t o  amps/Torr.  While some loss of   ions  i s  

a n t i c i p a t e d   w i t h i n   t h e   a n a l y z e r ,   t h e   b a s i c   i o n   s o u r c e  
s e n s i t i v i t y  i s  no t   excep t iona l ly   h igh ,   Fu r the rmore ,   t he  
type   o f   ion   source   mos t   wide ly   used   conta ins  a hot- 
f i l a m e n t   e l e c t r o n  emitter. I n  UHV a p p l i c a t i o n s ,   t h i s  
type  of   source i s  known to   gene ra t e   ob jec t ionab le   amoun t s  
of v a r i o u s   g a s e s   w h i c h   e s s e n t i a l l y   o b l i t e r a t e   t h e  measure- 
ment of t h e s e  same gases  which are i n   t h e  t e s t  environ-  
men t .   Th i s   cha rac t e r i s t l c  limits t h e   e f f e c t i v e   s e n s i t i v i t y  
of the   ins t rument .   Thrs  i s  the  second  problem area 
encountered.  The th i rd   p rob lem  invo lves   t he   u se  of 

e l e c t r o n   m u l t i p l i e r s   w h l e h  are r equ i r ed  a t  t h e   a n a l y z e r  
o u t p u t  t o  ampl i fy   the  small  i o n   c u r r e n t s .   T y p i c a l   e l e c t r o n  
m u l t i p l i e r s  are o f t e n   c h a r a c t e r i z e d  by l a r g e  and  unpredict-  
a b l e   v a r i a t i o n s   i n   g a i n .  A s  a r e s u l t ,   t h e   i o n   d e t e c t o r  
has  a pronounced   in f luence   on   ins t rument   sens i t iv i ty ,   which  
i s  p r o p o r t i o n a l   t o   m u l t i p l i e r  ga in . .  

I t  was r e a l i z e d  d f e w  yea r s   ago   t ha t   t he   co ld -ca thode  
t o t a l   p r e s s u r e   i o n i z a t i o n   g a u g e   h a s  ce r t a in  d e s i r a b l e  
c h a r a c t e r i s t i c s  which  might  be  brought t o  bear  on two of 

these   th ree   p roblem areas. F i r s t ,   t h e s e   g a u g e s   h a v e  much 
l a r g e r   s e n s i t i v i t y   t h a n   h o t - f i l a m e n t   i o n l z a t i o n   g a u g e s .  
F o r   i n s t a n c e ,   t h e   f a m i l i a r  Redhead  magnetron  ionization 
gauge i s  4 5  times more s e n s i t i v e  ( 4 . 5  amps/Torr)  than a 
B-A ion iza t ion   gauge  ( 0 . 1  amps/Torr) i n   t h e   r e g i o n  above 
approximately 1 0  Torr. Furthermore,  i t  i s  n o t   l i m i t e d  -3.0 
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by t h e   e q u i v a l e n t   o f   t h e  w e l l  known x-ray l i m i t  i n  
B-A gauges, since i t s  x-ray limit i s  a c t u a l l y   p r e s s u r e  
dependent.  Most  important,  however, i s  t h e   f a c t   t h a t  
the  gauge is  t y p i c a l l y  less troublesome  with  regard 
t o   t h e   g e n e r a t i o n   o f   i n t e r n a l   g a s   ( o u t g a s s i n g ) .  

Accord ingly ,   cont rac t  work w a s  undertaken t o  s tudy  
t h e   f e a s i b i l i t y   o f   u s i n g  a cold-cathode  discharge as an 
i o n   s o u r c e   f o r  UHV RGA's. This   p re l iminary  work in -  
v e s t i g a t e d   t h e   c h a r a c t e r i s t i c s   o f   i o n  beams e x t r a c t e d  
from  the C C I S  t o   a sce r t a in   such   impor t an t   pa rame te r s   a s  
ave rage   i on   ene rgy ,   d i s t r ibu t ion   o f   i on   ene rg ie s  and t h e  
u l t i m a t e   s e n s i t i v i t y   t h a t   m i g h t   b e   a n t i c i p a t e d .   I n  
a d d i t i o n ,   t h e   s e l e c t i o n  of a sui table   mass- to-charge 
( m / e )  ana lyze r  was a l s o   c o n s i d e r e d .  The quadrupole 
ana lyze r  was chosen as a r e s u l t  o f   t he   r a the r   b road  
ene rgy   d i s t r ibu t ion   encoun te red  i n  t h e  C C I S  s t u d i e s .  
Fu r the rmore ,   ce r t a in   f avorab le  modes o f   o p e r a t i n g   t h e  
quardupole were a l s o   i n v e s t i g a t e d  and a t e n t a t i v e  
ana lyze r   des ign  was chosen which  represented   an  optimum 
des ign   fo r   l abo ra to ry   u se .  

F o l l o w i n g   t h e s e   i n i t i a l   s t u d i e s ,   i m p r o v e m e n t s   i n  
source   des ign  were made and   eva lua ted ,   w i th   pa r t i cu la r  
emphasis  placed on i n c r e a s i n g   t h e   s e n s i t i v i t y   o f   t h e   s o u r c e .  
A l ens   sys t em  fo r   focus ing   i ons   i n to   t he   quadrupo le  w a s  
s t u d i e d   b u t  w a s  d i sca rded ,  when it was found   t ha t   t he  
geometry  of   the  extracted  ion beam was i n a p p r o p r i a t e .  
The program  did,   however,   effect   an  order  of  magnitude 
improvement i n   s e n s i t i v i t y   o v e r   t h e   p r e v i o u s   s o u r c e  
des ign .  A s i m p l i f i e d   q u a d r u p o l e   d e s i g n   c h a r t  w a s  devised  
f o r   s e l e c t i n g   t h e  optimum fu ture   quadrupole   des ign  
parameters .   This   char t  w a s  drawn  up to s impl i fy   t r ade -  
off  s t u d i e s   i n   f u t u r e   q u a d r u p o l e   d e s i g n s .  
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Near ly   co inc identa l   wi th   the   deve lopment  of t h e  
improved CCIS, th ree   quadrupole  mass spec t rometers  
were announced i n   t h e  commercial  market.  While  none of 
these   i n s t rumen t s  were des igned   in   accordance   wi th   the  
o r i g i n a l   d e s i g n   g o a l s   f o r  a CCIS/Quadrupole, t h e i r   g e n e r a l  
performance w a s  c l o s e   t o   t h e s e   g o a l s ,  The no tab le  
excep t ion   i nvo lved   s ens i t i v l ty   wh ich  i s  fundamentally 
re la ted  to   quadrupo le  s i z e  ( r e s o l u t i o n   h e l d   c o n s t a n t ) .  
S ince   these   events   p resented   an   oppor tuni ty   to  
expeditiously  evaluate  and  compare  the CCIS wi th  a hot-  
f i l ament   ins t rument ,  a commercial  quadrupole 'was even tua l ly  
s e l e c t e d  as the   ana lyze r .  

I n   t h e   n e x t   s t a g e  of development,   one  of  the 
commercial quadrupoles was s e l e c t e d  fo r  adap ta t ion  to 
t h e  C C I S .  The ins t rument  was b r i e f l y   s t u d i e d   u s i n g  i t s  
hot - f i lament  101-1 source t c  form a b a s e l i n e   f o r   f u t u r e  
comparison  with  the C C I S .  The  C C I S  was adap ted   t o   t he  
quadrupole   and  performance  s tudies  D f  t h e  new ins t rument  
began .   Af te r   op t i rn lz ing   cer ta in  CCIS opera t ing   parameters ,  
r e s o l u t i o n ,   s e n s l t i v l t y ,   l i n e a r i t y ,   t r a n s m i s s i o n ,   a n d  
c l e a n l i n e s s  of t he   l n s t rumen t  were e v a l u a t e d ,   I n   g e n e r a l ,  
t he   i n s t rumen t  shows  improved sens i t i v i ty   and   r educed  
ou tgass ing   e f f ec t s .   Reso lu t ion  i s  e x c e l l e n t   a n d  i s  
l a r g e l y   l i m i t e d  by t h e  quardupole   deslgn a.nd n o t  by t h e  
ion   source .  I n  t h e s e   i n v e s t i g a t l o n s ,   a n   e l e c t r o n   m u l t i p l i e r  
w a s  no t   used  as t h e  Lon d e t e c t o r .   I n s t e a d ,  a simple 
Faraday  cup  detector  w a s  u sed ,   t o   pe rmi t  more r e l i a b l e  
evaluation of s e n s l t i v l t y ,   t r a n s m i s s i o n ,   a n d   o t h e r  
i n s t r u m e n t   c h a r a c t e r i s t i c s .  
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The f i n a l   c o n t r a c t   e f f o r t   r e p o r t e d   h e r e i n   c e n t e r e d  
around a s tudy  of t h e   u s e   o f   i o n   c o u n t i n g   t e c h n i q u e s   t o  
improve  instrument S/N r a t io  a t  extremely l o w  p re s su res .  
An electron m u l t i p l i e r  w a s  p u r c h a s e d   a n d   i n s t a l l e d   i n   t h e  
ins t rument .  A background  current was noted  which i s  
t r a c e a b l e  t o  a form  of  photon  emission  from  the  ion 
source .  The source  w a s  mod i f i ed   s l i gh t ly   and  a no t i ce -  
a b l e   r e d u c t i o n   i n   t h e   n o i s e  leve l  w a s  made. Th i s   no i se  
i s  pressure-dependent ,   un l ike   the   p ressure- independent  
x-ray  photons  encountered  in   hot-f i lament  RGA's and i s  
t h e r e f o r e ,   g e n e r a l l y  less ob jec t ionab le .   Af t e r   s tudy ing  
the   ion   source   and   count ing   de tec tor   opera t ing   parameters  
t o  maximize S/N r a t i o ,   t h e   i o n   c o u n t i n g   d e t e c t o r   p e r -  
formance w a s  eva lua ted .   Coun t ing   e f f i c i ency ,  S / N  

r a t i o ,   s i g n a l  and n o i s e   p u l s e   h e i g h t   d i s t r i b u t i o n ,  
mu l t ip l i e r   ga in   and   o the r   impor t an t   cha rac t e r i s t i c s   have  
been   thoroughly   inves t iga ted .   Al though  de tec tor   per -  
formance i s  n o t   t h e o r e t i c a l l y   p e r f e c t ,   f u t u r e   s u c c e s s  
f o r   t h i s   d e t e c t i o n   t e c h n i q u e   c a n  be p r e d i c t e d .   I n   g e n e r a l ,  
t h i s  work i s  not   on ly   appl icable   to   the   CCIS/Quadrupole  
b u t  i s  a lso o f   i n t e r e s t   i n   i m p r o v i n g   o t h e r  UHV spec t ro-  
meters and t o t a l  pressure   gauges .  
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LIST OF SYMBOLS AND  ABBREVIATIONS 

Bayard-Alpert  gauge 

cold-cathode  ion  source 

cold-cathode  ion  source/quadrupole 

counts  per  minute 

full  width  at  half  maximum 

gain of multiplier 

gain of multiplier  for  noise 

magnetron  cathode  ion  current  (amperes) 

electron  emission  current  (amperes) 

ion  collector  current  (modulator  at 
grid  potential  amperes) 

ion  collector  current  (modulator  at 
ground  potential,  amperes) 

collector  current  (amperes) 

multiplier  ion  input  current  (amperes) 

cathode  current due to  jth  species  (amperes) 

multiplier  output  noise  current  (amperes) 

Multiplier  output  current  (amperes) 

gauge  constant  (T0rr-l) 

K2 

cathode #1 

cathode # 2  
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k 
j 

Kn 

M 

MBAG 

n 

p ,  P 

P 
j 

pT 
R 

RGA' s 

Rn 

RO 

r 
0 

Rt 

S 

s2 8 

U 

UHV 

sensitivity  constant  for  jth  species 
(amps/Torr) 

counting  sensitivity  (cpm/Torr) 

mass 

modulated  Bayard-Alpert  gauge 

mass-to-charge  ratio 

exponent 

pressure  (Torr) 

partial  pressure of jth  species  (Torr) 

true  pressure  (Torr) 

multiplier  input  ion  arrival  rate 
(ions/sec) 

residual  gas  analyzers 

multiplier  output  noise  counting  rate 
(counts/sec) 

observed  counting  rate  (ions/sec) 

radius of circle  inscribed  within 
quadrupole  rod  structure  (meter) 

true  counting  rate  (ions/sec) 

multiplier  sensitivity  (cpm/Torr) 

multiplier  sensitivity  for  mass 28 
(cpm/Torr ) 

signal-to-noise  ratio 

dc rod  potential  (volts) 

ultra  high  vacuum  (pressure  Torr) 

9 



UTmax 

V 

AM 

maximum  allowable  transverse  ion 
energy  (ev) 

rf  rod  potential  (peak  volts) 

anode  potential  (volts) 

retarding  potential  (volts) 

cathode K:, potential  (volts) 

cathode K2 potential  (volts) 

modulation  coefficient  for MBAG 

peak  width  in  amu  expressed at 5% 
peak  height 

ion  counting  efficiency 

secondary  emission  ratio 

rf  frequency (Hz) 
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SYNOPSIS OF PREVIOUS D E S I G N  AND DEVELOPMENT EFFORTS 

Genera l   Organiza t ion   of   the   Repor t  

I t  is  recognized   tha t   the   mos t   recent   deve lopments  
are l i k e l y   t o  be of g r e a t e s t   i m m e d i a t e   i n t e r e s t .  Ear l ier  
s t u d i e s  which  background  the  present  developments are 
br ief ly   synopsized  below.   Complete   discussions  of  ear l ie r  
work appear   in   Appendices  A and B. Fol lowing  the  synopsis  
t h r e e  main s e c t i o n s  w i l l  d i s c u s s :  (1) t h e  C C I S /  

Quadrupole  and i t s  performance, ( 2 )  t h e  improved  ion 
c o u n t i n g   d e t e c t o r   s t u d i e s ,  and ( 3 )  a d e t a i l e d   d e s c r i p t i o n  
of   the   des ign ,   cons t ruc t ion   and   opera t ion   of   the  C C I S /  

Quadrupole   spectrometer .  

The f i n a l   s e c t i o n  w i l l  summarize t h e   g e n e r a l  
conclusions  which can  be drawn  from t h i s  work and w i l l  
s u g g e s t   a r e a s   o f   f u t u r e   s t u d y  or  development. 

Program  Goals  and  Objectives 

Spectrometer  problems. - The p r imary   ob jec t ive   o f  
the  program i s  to  develop  an  improved mass spec t romete r   fo r  
g e n e r a l   l a b o r a t o r y   u s e   i n  UHV space   s imula t ion   and   r e l a t ed  
l a b o r a t o r y  vacuum s t u d i e s .  The in s t rumen ta t ion   p re -  
v i o u s l y   a v a i l a b l e  w a s  d e f i c i e n t   i n   t h r e e   i m p o r t a n t  
areas a s soc ia t ed   w i th   t he   i on   sou rce   and   de t ec to r  
e lements   such as: (1) r e l a t i v e l y  low ion   sou rce  
s e n s i t i v i t y ,  ( 2 )  ou tgass ing   o f   t he   ho t - f i l amen t   i on   sou rce  
under U W  condi t ions ,   and  ( 3 )  d e t e c t o r   i n s t a b i l i t i e s  which 
impede quan t i t a t ive   measu remen t s   i n  U W .  
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Approach to   t he   p rob lem.  - I t  was recognized a t  t h e  
o u t s e t   t h a t  a new type  of ion   sou rce  was r e q u i r e d   t o  
overcome t h e s e   d i f f i c u l t i e s .  The new source  should  be 
"co ld" ,   to   e l imina te   bo th   thermal   desorp t ion   and   d i s -  
s o c i a t i o n  of r e s i d u a l   g a s  by the   hea t ed   f i l amen t .  
A d d i t i o n a l l y ,  t h e  s o u r c e   s h o u l d   e x h i b i t   g r e a t e r   i o n i z a t i o n  
e f f i c i ency   t o   marked ly   improve   ove ra l l   i n s t rumen t   s en -  
s i t i v i t y .  Such  improvement  would  reduce t h e   r e l i a n c e  on 
v e r y   s e n s i t i v e   d c   i o n   d e t e c t o r s .   F i n a l l y ,  a more s t a b l e  
d e t e c t o r  w a s  r e q u l r e d   t o   p e r m i t  re l iab le  q u a n t i t a t i v e  UHV 
measurements, 

The co ld -ca thode   i on   sou rce   sugges t ed   i t s e l f   a s  an 
appropr ia te   candida te   because  of i t s  lack of a high 
temperature   f i lament   and  because of i t s  l a r g e   i o n i z a t i o n  
eff ic iency.   Although  cold-cathode  discharge  gauges  have 
found  widespread   appl ica t lon   in  UHV measurement,  scanty 
i n f o r m a t i o n   e x i s t s  on t h e i r   a p p l l e a t i o n   a s   i o n   s o u r c e s .  
I t  w a s  a n t i c i p a t e d   t h a t   s u c h   d e v i c e s  would y i e l d   i o n s  
widespread i n  energy.  Very l i t t l e  d e f i n i t i v e   i n f o r m a t i o n  
exis ted,   however ,  on t h e  ion   ene rgy   d i s t r ibu t ion   fo l lowing  
ex t rac t ion   f rom  co ld-ca thode   sources .  

Accordingly,  NRC proposed   to  NASA/Langley Research 
C e n t e r   t h a t  a modest  program be i n s t i t u t e d   t o   e v a l u a t e   t h e  
co ld -ca thode   i on   sou rce   fo r   app l i ca t ion  i n  UHV mass 
spec t romet ry .  A program w a s  conce ived   in   whlch   the  un- 
known c h a r a c t e r i s t i c s  of t he   i on   sou rce  would  be  studied 
f i r s t .   C o n t i n g e n t  on   t he   success fu l  outcome  of t h i s  work, 
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an  improved  source  would  be  developed  and  tested  under 
the   p rogram.   S imul taneous   to   the   ion   source   inves t iga-  
t i o n s ,   t h e  mass analyzer   and  detect ion  systems  would be 
considered  and  recommendations made r ega rd ing   t he   op t ima l  
des ign   of   these   e lements .  The sugges t ions  were funded 
and the  program work  was begun.  This  work,  although 
p r e l i m i n a r y   i n   e x t e n t   a n d   a p p l i c a t i o n ,  has impor tan t  
bear ing  on t h e  f inal   design  and  performance  of   the 
CCIS/Quad s p e c t r o m e t e r   p a r t i c u l a r l y   t o  t h e  ana lyzer  
s ec t ion .   The re fo re ,   t he   p rog ram  r e su l t s  are i n c l u d e d   i n  
t h e i r   e n t i r e t y   i n  Appendices A and B.  A b r i e f  summary of 
t h e   s a l i e n t   r e s u l t s   o f   t h i s  work w i l l  a l s o   b e   g i v e n   t o  
synops ize   t he   r e su l t s   and   t o   emphas ize  t h e  des ign  c r i te r ia  
of the   spec t romete r .  

Preliminary  Ion  Source  and  Analyzer  Studies 

Ion   source   des ign .  - A number of   conf igura t ions   o f  
t h e  cold-cathode  ion  source ( C C I S )  were cons ide red   fo r  
p o s s i b l e   a p p l i c a t i o n   i n  t h e  proposed  spectrometer.   These 
sou rces  a l l  involved a magnet ica l ly   conf ined  e lec t r ica l  
d i s c h a r g e   i n  a low pressure   gas .   Radioac t ive   and   o ther  
co ld   d i scha rges  were a l s o   c o n s i d e r e d   b u t   r e j e c t e d   p r i m a r i l y  
f o r   s e n s i t i v i t y   r e a s o n s .  Of the numerous  types of cold- 
cathode  discharge  devices ,   the   magnetron  type  discharge 
( a f t e r  Redhead) w a s  s e l e c t e d ,   p r i m a r i l y   b e c a u s e   o f  i t s  
l a r g e   s e n s i t i v i t y .  
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An ion   sou rce  w a s  des igned   and   bu i l t   u s ing   t he  
Redhead  magnetron s t r u c t u r e ,   b u t   w i t h  a sma l l  remmant 
s tub   r ep lac ing   t he   no rma l   ca thode   spoo l   cons t ruc t ion .  
A comple t e   desc r ip t ion   o f   t he   sou rce  i s  g i v e n   i n  
Appendix A .  The p re l imina ry   sou rce  w a s  d e s i g n e d   t o  
s t u d y   t h e   p r o p e r t i e s  of i o n  beams e x t r a c t e d   f r o m   t h e  
source .  T o  t h i s   e n d ,   r e t a r d l n g   f i e l d   t e c h n i q u e s  were 
used i n  conjunct ion   wi th  a simple  Faraday  cup  ion 
co l l ec to r   t o   measu re  t h e  emergent beam. A f t e r  p r e l imina ry  
i n v e s t i g a t i o n   o f   v a r i o u s   e x t r a c t i o n   m e t h o d s ,   s t u d i e s  were 
made of t h e  energy  spread o r  t h e   i o n  beam. A r e l a t i v e l y  
l a r g e   f l u x  of low energy ions w a s  noted  under optimum 
c o n d i t i o n s .   T h i s   f l u x   o f  i o n s  w a s  measu red   a f t e r   pas s ing  
through  an  aper ture  of 3mm. The r e s u l t a n t   i o n   s o u r c e  
s e n s i t i v i t y  was approximately 5 mA/Torr ( n i t r o g e n ) .  The 
to t a l   ene rgy   sp read  of 9 6 . 8 %  o f   t he   i ons  was between 0 and 
31.5 e V .  T h i s   f i g u r e  i s  w i t h i n   t h e   a c c e p t a b l e  limits f o r  
a x i a l   e n e r g y   s p r e a d   f o r  a smal l   quadrupole   ana lyzer .  How- 
e v e r ,   t h e   t r a n s v e r s e  component of ion   energy  i s  a more 
c r i t i c a l   c r i t e r i o n   f o r   i o n   r e j e c t i o n   w i t h i n  a quadrupole 
ana lyze r  and t h e  experiments  were n o t   c a p a b l e   o f   y i e l d i n g  
i n f o r m a t i o n   o f   t h i s   t y p e .   S i n c e   v e r y   l i m i t e d   i n f o r m a t i o n  
e x i s t e d  on t h e   t o t a l   e n e r g y   d i s t r i b u t i o n  of i o n s   e x t r a c t e d  
from a magnetron,  primary  emphasis w a s  p laced  on o b t a i n i n g  
t h i s   d a t a .  
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Quadrupole  design. - I t  became obvious  f rom  ear ly  
i n v e s t i g a t i o n s   o f   t h e   i o n   s o u r c e   t h a t   t h e   o n l y   a n a l y z e r  
capable  of d e a l i n g   w i t h   t h e   r e l a t i v e l y   l a r g e  C C I S  energy 
spread  w a s  a quadrupole .  I t  w a s  not   obvious  which  of   the 
number of   quadrupole   opera t ing  modes would  be  most  favor- 
a b l e   f o r   t h e  C C I S ,  o r   i f ,   i n d e e d ,  any modes were. A 

c a r e f u l   a n a l y s i s  w a s ,  t h e r e f o r e ,  made of   the  quadrupole  
t h e o r y   t o   d e f i n e   t h e  optimum cond i t ions .  The r e s u l t s   o f  
t h i s   s t u d y  showed t h a t  one mode i s  p r e f e r a b l e   t o  t h e  

o t h e r s .  A complete   discussion  of   the  quadrupole   operat ing 
modes and t h e   r e a s o n s   f o r   t h e   c h o i c e   o f   o n e   s p e c i f i c  
mode are d e t a i l e d   i n  Appendix A .  Summarized b r i e f l y ,  it 
w a s  shown tha t   t he   so -ca l l ed   ' ' cons t an t   peak   w id th"  
(Am = c o n s t a n t )  mode i s  p r e f e r a b l e   f o r   t h e   f o l l o w i n g  

Peak w i d t h  i s  near ly   independent   of  mass. 

Mass s c a l e  i s  l i nea r   t h roughou t   t he  mass 
range.  

Maximum a l lowable   t ransverse   ion   energy  
( f o r  1 0 0 %  t r ansmiss ion )  i s  independent 
of  mass. 

Maximum a l lowab le   ax i a l   i on   ene rgy  i s  a l s o  
independent  of mass. 

For 1 0 0 %  t r a n s m i s s i o n ,   t h e   s e l e c t e d  mode 
w i l l  permi t  a l a r g e r  beam diameter   (h igher  
s e n s i t i v i t y )   t h a n   o t h e r  modes. 

Requirements  of  frequency  and  voltage 
s t a b i l i t y  are less s t r i n g e n t   f o r   t h e  
chosen mode, p a r t i c u l a r l y  a t  lower 
mass . 
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A des ign   s tudy  of a q u a d r u p o l e   s u i t a b l e   f o r   u s e   w i t h  
t h e  CCIS w a s  made.  The design  assumed  that  a r e s o l u t i o n  
of 1 amu ( 1 0 %  v a l l e y   c r i t e r i o n )  would  be  required  and 
t h a t  1 0 0 %  t ransmlss ion  of a l l  i o n s   i n   t h e  mass range 
1 - 1 0 0  amu would also  be  necessary.   These two c r i t e r i a  
d e f i n e  a quadrupole   of   laboratory  s ize   and power  con- 
sumption. The r o d   r a d i u s ,   f o r  i n s t a n c e ,  was 2 .32  c m  and 
rod   length  w a s  25 cm.  Al though  the   p ro jec ted   ana lyzer  
i s  la rger   than   the   purchased   ana lyzer   eventua l ly   chosen ,  
t h e   t h e o r y   p r e d i c t s   t h a t   t h e   p r o j e c t e d   d e s i g n  i s  capable  
o f   t a k i n g   f u l l   a d v a n t a g e   o f   t h e   h i g h   s e n s i t i v i t y   o f   t h e  
C C I S .  I n   f a c t ,  it has  been shown t h a t   t h e   s e n s i t i v i t y  
with  the  commerclal   quadrupole i s  less than  1 0 %  o f   t he  
f u l l   c a p a b i l i t y   o f   t h e   i o n   s o u r c e   b e c a u s e   o f   t h e  smaller 
s i z e ,  e tc .  of the   commerc ia l   ins t rument .   Despi te   th i s  
f a c t ,  it w i l l  be shown t h a t   t h e  C C I S  i s  n e a r l y   s i x  
times more sens i t i ve   t han   t he   ho t - f i l amen t   i n s t rumen t .  
Thus, i n  compar ing   t he   s ens i t i v i t i e s   o f   t he  CCIS/Quad 
wi th   o ther   ho t - f i lament   spec t rometers ,  it should  be 
remembered t h a t   t h e  smaller ana lyze r   does   no t   d i sp l ay  
t h e   f u l l   s e n s i t i v i t y   p o t e n t i a l   o f   t h e  C C I S .  

B r i e f l y  summarized t h e n ,   t h e   f e a s i b i l i t y   s t u d y   o f  
t h e  C C I S  has  shown t h a t   t h e  new ion   sou rce  i s  capable  of 
d e l i v e r i n g  a l a r g e   f l u x   o f   i o n s  t o  an   appropr ia te ly  
designed  quadrupole   analyzer .  The n e x t   s e c t i o n  w i l l  

summarize t h e  improvements made i n   t h e   s o u r c e   d e s i g n .  
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Improved  Ion  Source  Design 

Having  demonstrated  that  a cold-cathode  ion  source 
w i l l  produce a beam o f   i o n s   a c c e p t a b l e   t o  a quadrupole 
a n a l y z e r ,   f u r t h e r  work w a s  begun i n  improving  the  source 
d e s i g n   t o  i t s  f u l l e s t   e x t e n t .  

The pu rpose   o f   t h i s  work w a s  t o   i n v e s t i g a t e  methods 
o f   i n c r e a s i n g   t h e   s o u r c e   s e n s i t i v i t y   o b t a i n e d   i n   t h e  
f eas ib i l i t y   s tudy ,   compa t ib l e   w i th   t he   r equ i r emen t s   o f  
a quadrupole mass spectrometer.   Appendix B gives   complete  
d e t a i l s  of  the  program. The improved  source  contained a 
p robe   fo r   measu r ing   i on   ene rgy   d i s t r ibu t ion   t h rough  a 
very   smal l  (1 m m )  s imula ted   quadrupole   en t rance   aper ture .  
The p r o b e ' s   p o s i t i o n  w a s  a d j u s t a b l e   r e l a t i v e   t o   t h e   i o n  
e x i t   a p e r t u r e .  The d e s i g n   i n c l u d e d   a n   e l e c t r o s t a t i c   l e n s  
and  provis ion  for   comparing  sensi t ivi t ies   with  and w i t h -  
o u t  t h e  l ens ,   A l so   i nc luded  was a p r o v i s i o n   f o r   d e f i n i n g  
optimum ion   ex t r ac t ion   cond i t ions .   Mod i f i ca t ions  were 
a l s o  made in   t he   magne t i c   f i e ld   geomet ry   u sed   i n   t he  
f e a s i b i l i t y   s t u d y   s o u r c e .   C y l i n d r i c a l  ceramic magnets 
were u s e d   t o   r e d u c e   e x t e r n a l   b u l k .   E l i m i n a t i o n   o f   i n t e r n a l  
pole   pieces   improved beam geometry a t  t h e   i o n   e x i t   a p e r t u r e  
and   gene ra l ly   r educed   i n t e rna l   sou rces   o f   ou tgass ing .  

Methods o f   o p t i m i z i n g   s e n s i t i v i t y   w i t h o u t   t h e   l e n s  
were s t u d i e d   f i r s t .  The s e n s i t i v i t y  and   ion   energy   d i s -  
t r i b u t i o n  were examined   (us ing   re ta rd ing   po ten t ia l   methods)  
as a f u n c t i o n   o f   e x t r a c t i o n   c o n d i t i o n s .  I t  w a s  d i scovered  
t h a t  a l a r g e   e l e c t r o n  component w a s  p r e s e n t   i n   t h e  beam 
and t h a t   c e r t a i n   a b n o r m a l l y   l a r g e   s e n s i t i v i t i e s   o b s e r v e d  
were connec ted   w i th   t he   e l ec t ron  beam component. Sub- 
sequen t   da t a  was . ,  t h e r e f o r e ,   e x a m i n e d   c r i t i c a l l y   f o r   p o s s i b l e  
misconcep t ions   o f   t h i s   na tu re .  
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A f ami ly   o f   i on   ene rgy   d i s t r ibu t ions  was ob ta ined  
as a f u n c t i o n  of d i s t a n c e   f r o m   t h e   i o n   e x i t   a p e r t u r e .  
The e n e r g y   d i s t r i b u t i o n s   f o r  a l l  d i s t ances   and  a l l  cathode 
po ten t i a l s   u sed   (bo th   pos i t i ve   and   nega t ive )  showed i o n s  
predominating a t  low energ ies   and   decreas ing   cont inuous ly  
wi th   increased   energyf  a s i t u a t i o n   b e n e f i c i a l   t o   h i g h  
quadrupo le   spec t romete r   s ens i t i v i ty .  Maximum s e n s i t i v i t y  
occur red   nea res t   t he   ex i t   ape r tu re   and   aga in  a t  a p o i n t  
more d i s t a n t .  

The h i g h e s t   s e n s i t i v i t y   o b t a i n e d   w i t h  optimum i o n  
e x t r a c t i o n   c o n d i t i o n s  and f o r   a n   e n e r g y   d i s t r i b u t i o n  
a c c e p t a b l e   t o  a quadrupole (0-30 e V )  w a s  5 .5  mA/Torr 
( n i t r o g e n ) .   T h i s   v a l u e  was measured a t  two  nodes  along 
t h e   a x i s  of r;he e x i t i n g  beam. T h i s  s e n s i t i v i t y ,  
ob ta ined   th rough  the  1 mm d iameter   p robe   aper ture  com- 
pa res   ve ry   f avorab ly   w i th  a somewhat  lower f i g u r e  ob- 
t a ined   w i th  a 3 mm d iame te r   ape r tu re   u sed  i n  t h e  
f e a s i b i l i t y   s t u d y .  A minimum s e n s i t i v i t y  improvement of 
one  decade was achieved   wi thout   the   use   o f  a l e n s .  

Improvements i n   s e n s i t i v i t y   t h r o u g h   t h e  'use of  an 
e l e c t r o s t a t i c   l e n s  were a l s o   i n v e s t i g a t e d .  A t h r e e -  
a p e r t u r e  e i n z e l  l e n s  w a s  des igned   fo r   t h i s   pu rpose .  I t  

h a s   t h e   n e c e s s a r y   c h a r a c t e r i s t i c  of focus ing   wi thout  
i n c r e a s i n g   i o n   e n e r g y .   A n a l y t i c a l   i n v e s t i g a t i o n s  con- 
duc ted   t o   de t e rmine  optimum lens   des ign   and   ope ra t ion  
r e v e a l e d   t h a t  a l e n s  would not   p rovide   an  increase i n  
s o u r c e   s e n s i t i v i t y ,  compared t o   p l a c i n g   t h e   q u a d r u p o l e  
c l o s e   t o   t h e   s o u r c e f   u n l e s s  an e s p e c i a l l y   f a v o r a b l e  
beam geomet ry   ex i s t ed   ( e .g . ,  a n e a r l y   p a r a l l e l   a n d  mono- 
energe t ic   beam) .  To v a l i d a t e   t h i s   p r e d i c t i o n ,   s t u d i e s  
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were conducted   for  several p o s i t i o n s   o f   t h e   l e n s   a n d  
probe re la t ive t o   t h e   i o n   e x i t   a p e r t u r e .  A l a rge   r ange  
o f   l e n s   f o c u s i n g   p o t e n t i a l s  were appl ied  and  ion  energy 
d i s t r i b u t i o n s  were obta ined .  The e f f e c t   o f   v a r i o u s   i o n  
e x t r a c t i o n   c o n d i t i o n s  w a s  a l s o   s t u d i e d .  I t  w a s  concluded 
f o r   e a c h   s i t u a t i o n   t h a t   t h e   l e n s   p r o v i d e d  no s e n s i t i v i t y  
improvement.  However, c e r t a i n   a n o m a l i e s   i n   l e n s   o p e r a t i o n  
were also observed.  These were a t t r i b u t e d   t o   t h e   p r e s e n c e  
o f   e l e c t r o n s  i n  t h e  beam and t h e i r   r e s u l t i n g   f o c u s i n g  
a n d / o r   r e f l e c t i o n  by t h e   l e n s .  

A quadrupole mass a n a l y z e r   d e s i g n   c h a r t  was con- 
s t r u c t e d   c o v e r i n g  a wide r ange   o f   poss ib l e   des ign   va lues .  
Their   in terdependence,   which i s  r a the r   compl i ca t ed ,  i s  
thereby  made e v i d e n t .  A s  a r e s u l t ,  a se t  of   design 
parameters  were determined  which are optimally  matched 
t o   b o t h  t h e  experimental ly   determined character is t ics  of 
the  cold-cathode  ion  source  and  the  general   program 
o b j e c t i v e s .  

I n  summary then ,  t h e  improved  ion  source  design 
s tudy  demonstrated a not iceable   improvement   in   source 
s e n s i t i v i t y  . Approximately  the same s e n s i t i v i t y  (5  mA/Torr) 
w a s  observed  through a s imula t ed   ape r tu re  1 / 9  are l a r g e  
i n  area as t h a t   u s e d  i n  t h e  ear l ie r  s tudies .   Pronounced 
e l e c t r o n   f l u x e s  were o b s e r v e d   i n   t h e   e x t r a c t e d  beam, which 
made r e t a rd ing   po ten t i a l   measu remen t s   o f   i on  beam energy 
d i s t r i b u t i o n   d i f f i c u l t   t o   e v a l u a t e .  

I n   t h e   n e x t  main s e c t i o n   t h e   c u l m i n a t i o n   o f   t h e s e  
p r e l i m i n a r y   i n v e s t i g a t i o n s  w i l l  be   descr ibed .  The improved 
source  w a s  a d a p t e d   t o  a quadrupole   analyzer   and  the 
r e s u l t a n t   s p e c t r o m e t e r  i s  descr ibed   and   d i scussed .  

19 

I 



DEVELOPMENT O F  THE CCIS/QUAD 
MASS SPECTROMETER 

. . . , 
1 

Selec t ion   of   the   Quadrupole   Analyzer  

I t  has   been   p rev ious ly   no ted   t ha t   du r ing   t he   f eas ib i l i t y  
s tudy  phase,  a des ign   s tudy  was made of  the  optimal  quad- 
r u p o l e   f o r   u s e   w i t h   t h e  C C I S .  Co inc iden t   w i th   t h i s   work ,  
three quadrupole mass spec t rometers  were in t roduced  on t h e  
marke t .   Prev ious ly   such   ins t ruments  were b u i l t   e n t i r e l y  
by i n d i v i d u a l s   a n d / o r   a g e n c i e s   t o   s u i t   p a r t i c u l a r   n e e d s .  
I n   t h e  i n t e re s t  of economy it was dec ided   to   examine   the  
a l t e rna t ive   o f   pu rchas ing  a su i t ab le   ana lyze r   and  i t s  
e l ec t ron ic s   r a the r   t han   des ign ing   and   bu i ld ing  a new 
ins t rument .  

The des ign   and   per formance   charac te r i s t ics   o f   the  
three  commercial   ins t ruments  were examined as c r i t i c a l l y  
as ava i l ab le   i n fo rma t ion  would  allow. I t  w a s  recognized 
t h a t   c e r t . a i n   t r a d e - o f f s  would  be  necessary i f  a p h y s i c a l l y  
sma l l e r   ana lyze r  were chosen .   For   ins tance ,  a loss i n  
s e n s i t i v i t y   a n d   v a r i a t i o n   i n   q u a d r u p o l e   t r a n s m i s s i o n   w i t h  
mass w a s  immedia te ly   an t ic ipa ted   wi th  a smaller ins t rument .  

The f i n a l   s e l e c t i o n  was by no  means s t r a i g h t f o r w a r d  
s ince   each   des ign   approached   the   p roblem  d i f fe ren t ly .  
The s e n s i t i v i t y   o f  a l l  i n s t rumen t s  was s i m i l a r .  One de- 
s i g n  was t h e o r e t i c a l l y  more f a v o r a b l e   t o   l a r g e r   a x i a l  
e n e r g y   d i s t r i b u t i o n ,   w h i l e   a n o t h e r  was more f a v o r a b l e   t o  
l a r g e r   t r a n s v e r s e   e n e r g i e s .  The f i n a l   c h o i c e  w a s  made 
p r i m a r i l y  on the b a s i s  of o p e r a t i n g  mode a n d   o f   a v a i l a b i l i t y .  
The i n s t rumen t   chosen   ope ra t ed   i n  the d e s i r e d  mode ( c o n s t a n t  

* 

*An Ultek/EAI  Quad Model 2 0 0 ,  Ul tek  Corp. ,   Palo  Alto,  
C a l i f .  

2 0  

I 



peak  width)  which, as expla ined ,  i s  more favorable  t o  
t h e  CCIS. I t  w a s  purchased  with a so-ca l led  ax ia l  beam 
ion ize r   (ho t - f i l amen t )   t oge the r   w i th   t he   e l ec t ron ic s  
r equ i r ed  t o  ope ra t e   t he   i on ize r   and   t he   quadrupo le  
ana lyzer .  An e l e c t r o n   m u l t i p l i e r  w a s  no t   i nc luded ,  since 
a b s o l u t e   s e n s i t i v i t y  measurements were des i r ed .  A com- 
pa ra t ive   s tudy   cou ld ,   t he re fo re ,   be  made of t h e   h o t  and 
co ld-ca thode   sources   wi thout   involv ing   mul t ip l ie r  
v a r i a b l e s .  

Once received,the  commercial   instrument w a s  i n s t a l l e d  
on  an UHV sys t em  ( to  be desc r ibed   i n   connec t ion   w i th   t he  
CCIS/Quad),  and  performance  testing  begun  using  the  hot- 
f i l amen t   i on ize r .   Th i s   i n fo rma t ion  w a s  r e q u i r e d   f o r  
fu ture   compar isons   wi th   the  CCISjQuad ve r s ion .  The pre-  
l iminary  tests which were made us ing   t he   ho t - f i l amen t  
i o n i z e r  w i l l  be descr ibed   next .  

Evalua t ion   S tudies  of Hot-Filament  Quadrupole 

Purposes - of tes ts .  - The Ultek/EAI Model 2 0 0  Quad- 
“ 

rupole  was opera ted   In   accordance   wi th   ins t ruc t ions  
supp l i ed  by the   manufac turer .  The pr imary   ob jec t ive  
w a s  t o  establ ish  performance  comparisons  between  the 
hot-cathode  and  cold-cathode  ion  sources  using  the same 
quadrupole   analyzer .  The f o l l o w i n g   c h a r a c t e r i s t i c s  were 
examined  using  the  hot-cathode  source: 

(a )  Sens i t i v i ty   v s .   a tomic  mass number 

(b) L i n e a r i t y   v s .   p a r t i a l   p r e s s u r e .  

(c)  Resolut ion v s .  mass number from 1 t o  
150 amu 

(d )  Spec t rometer   c leanl iness ,   no ise   and  re- 
sponse t i m e  s 
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The purchased  hot-f i lament   quadrupole   spectrometer  
au tomat i ca l ly   s cans   t he  mass spec t rum  in   the   mos t  
f avorab le  mode ( cons t an t  A M) fo r   t he   co ld -ca thode   i on  
source .  I t  i s  a l s o   i m p o r t a n t   t o   n o t e   t h a t   t h e   e n t r a n c e  
a p e r t u r e  i s  nea r ly   equa l   t o   t he   d imens ion  ro .  F igure  
A-17 of  Appendix A shows t h a t   t h i s   l a r g e r   a p e r t u r e   c a n  
l e a d   t o  a pronounced   var ia t ion   in   t ransmiss ion  as a 
func t ion   o f  mass number. T h i s  v a r i a t i o n  would l e a d   t o  
exagge ra t ed   peak   he igh t s   fo r   t he   l i gh te r   gases .  

One o f   t he  main   purposes   o f   t es t ing   the   spec t rometer  
w a s ,  t h e r e f o r e ,   t o   d i s c o v e r  how the   quadrupole   t ransmiss ion  
v a r i e d   o v e r   t h e   d e s i r e d  mass range (1-150 amu).   Closely 
r e l a t e d   t o   t h i s   q u e s t i o n  i s  t h e   a b s o l u t e   s e n s i t i v i t y  of 
the   spec t romete r ,   s ince   t he   p roduc t   o f   t he   i on   sou rce  
s e n s i t i v i t y  and   quadrupole   t ransmiss ion   fac tor   de te rmines  
t h e   o v e r - a l l   s e n s i t i v i t y  . 

S i n c e   t h e   s e n s i t i v i t y  and r e s o l u t i o n  are i n v e r s e l y  
r e l a t e d   i n  any  spectrometer ,  it w a s  f i r s t   n e c e s s a r y   t o  
se t  the   spec t romete r   t o  a p r e s c r i b e d   r e s o l u t i o n  and t o  
main ta in   these   condi t ions   th roughout   the  t e s t  program. 
For   t h i s   pu rpose ,   t he   i so topes   o f  Xenon a r e   n e a r l y   i d e a l .  
X e l 3 :  and X e i 3 2  are one  mass u n i t   a p a r t  and   of   near ly   the  
same abundance .   Therefore ,   the   reso lu t ion  was s e t  so t h a t  
the  val ley  between  these  peaks was 1 0 %  of the h e i g h t   o f  
t h e  X e 1 3 2  peak.  This now d e f i n e s   a n d   f i x e s   t h e   r e s o l u t i o n  
f o r   a l l   s u b s e q u e n t  tes ts  of   the  hot-f i lament   quadrupole .  
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The spec t rometer  has  t h r e e  mass ranges:  

Low: 1 - 50 amu 
Medium: 1 0  - 1 5 0  amu 
High : 50 - 5 0 0  amu 

The performance w a s  no t   s tud ied   on   t he  50 - 5 0 0  amu 
range.  However, both  the  "low"  and ''medium'' ranges were 
s t u d i e d   i n  d e t a i l .  Be fo re   desc r ib ing   t he   r e su l t s  of 

t h e s e  t es t s ,  a b r i e f   d e s c r i p t i o n  of t h e  t es t  methods w i l l  
be   given.  

Test methods. - The Spectrometer w a s  a l l o w e d   t o  w a r m  
a p   f o r  2 - 3 hours   be fo re   t he  s t a r t  of each t e s t .  The 
e l e c t r o n   e m i s s i o n   c u r r e n t  w a s  s e t  t o  3 x 1 0  amps 
(recommended value)  and t h e  va r ious   d i a l s   peaked   fo r  

maximum response for mass 28  (CO , N2+). A Modulated 
Bayard-Alpert (MBAG) gauge was used as  a r e fe rence   p re s su re  
s tandard  and w a s  se t  to t h e   c o r r e c t   e m i s s i o n   f o r   t h e   g a s  
be ing  tes ted.  These  emission  values were der ived  as  
fol lows:  

- 3  

+ 

where iA is  t h e  c o r r e c t   e m i s s i o n   c u r r e n t  f o r  gas "A" and 
i i s  t h e   c o r r e c t   e m i s s i o n   f o r  N2 ( 0 . 3  mA f o r  an MBAG 

s e n s i t i v i t y   o f  .01 amps/Torr). Sn/S, i s  t h e  r a t i o  of gauge 
s e n s i t i v i t y   f o r   n i t r o g e n   a n d   g a s  "A" r e spec t ive ly .   Th i s  

- 
- 
N 
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r a t i o  was derived  from Dushman a n d   L a f f e r t y   ( r e f .  1) by 
normalizing t h e  s e n s i t i v i t i e s   t o   n i t r o g e n .   A f t e r  
appropriate   system  bake-out ,   gauge  outgassing,   and 
subsequent  pumpdown, t h e  t e s t  gas w a s  admitted. The i o n  
pump l o c a t e d   i n  the  t e s t  s e c t i o n  of t he  UHV system was 
va lved  off  du r ing  t h e  gas  admission. The spec t rometer  
was c a r e f u l l y   t u n e d   t o  t h e  a p p r o p r i a t e  mass peak. The 
fo l lowing   gases  were a d m i t t e d   i n  t h e  o r d e r  l i s ted :  H e ,  

N e ,  N , ,  A r ,  K r ,  and X e .  The UHV system w a s  pe rmi t t ed  a 
24-hour  pumping per iod  between  exposures   to   each  gas .  
The r e s idua l   sys t em  p re s su re  was between 1 - 2  x lo-' 
Torr  ( N 2 )  before   each   gas  was admit ted.  An X-Y r eco rde r  
was u s e d   t o   p l o t  t h e  obse rved   i on   cu r ren t  a t  the s e l e c t e d  
mass as a f u n c t i o n  of t h e  Modulated  Bayard-Alpert  gauge 
t o t a l   p r e s s u r e  of t h a t   g a s .   P r e s s u r e s  up t o  1 0  Torr  
of t h e  tes t  gas  were used.  Data a t   h i g h e r   p r e s s u r e s  was 
not   t aken   because  t h e  program  emphasis i s  on UHV measure- 
ments. 

- 6  

Using t h e  methods described, it i s  p o s s i b l e   t o  
d e t e r m i n e   b o t h   l i n e a r i t y   a n d   s e n s i t i v i t y   f o r  t h e  spec t ro -  
meter, over  a l imi t ed   r ange .   Th i s  was done f o r   b o t h  the 
"low"  and "medium" mass r anges .   Fo r   t he   i so top ic   gases ,  
s u i t a b l e   c o r r e c t i o n s  were made f o r  t h e  isotope  abundances.  
Table I summarizes t h i s  data .  

The X-Y r eco rde r  traces d i sp layed  a v e r y   l i n e a r  
r e l a t i o n s h i p  between r e so lved   i on   cu r ren t   and   p re s su re   fo r  
H e ,  N e ,  N, and  argon.  For Kr and X e ,  a sma l l  amount of 
n o n - l i n e a r i t y  w a s  noted.  T h i s  problem w a s  a l so   observed  
dur ing   prev ious  tes ts  where in   the  UHV i o n  pump was n o t  
v a l v e d   o f f .   I n  t h i s  i n s t a n c e ,  the non- l inear   response  w a s  
much more pronounced.  Although  not  proven, it i s  be l i eved  
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t h a t   d e s o r p t i o n   ( w i t h i n   t h e   i o n  pump) of p rev ious ly  pumped 
gases  by the   ca l ib ra t ion   gas   p roduced   t he   obse rved  increase 
i n  t h e  MBAG response.  A similar,  b u t  smaller e f f e c t  may 
have   occur red   wi th in  the MBAG. 

TABLE I 

SENSITIVITIES OF QUADRUPOLE 200 FOR VARIOUS GASES 

G a s  
(Mass N o .  ) 

H e  

N e 2 0  

N228 

A r 4 0  

K r  

 el 3 2  

Sens. (Low Range) 
A/Tors 
a t  3mA 

0 . 4 2  X 

0 . 6 8  x l o m 4  

2.50 x 10"' 

2.63 x 

Sens. (Medium Range) 
A/Torr 
a t  3mA 

0.18 X l o m 4  

0 . 4 5  x 

1 . 9 8  x 

2.86 x 

3.52 x 

1 . 4 2  x l o - '  

Table I d i s p l a y s  some i n t e r e s t i n g   r e s u l t s .  Note t h a t  
t h e   o v e r a l l   s p e c t r o m e t e r   s e n s i t i v i t y   i n c r e a s e s   m a r k e d l y  as 
t h e  mass number i n c r e a s e s ,   a n d   f o r   t h e  "medium" mass range 
dec reases   aga in  a t  mass 132 Me). I t  would be a n t i c i p a t e d  
t h a t   t h e   i o n   s o u r c e   s e n s i t i v i t y  would increase   monotonica l ly  
w i t h   i n c r e a s i n g  mass due t o   t h e   i n c r e a s i n g   i o n i z a t i o n  
e f f i c i e n c y  of the   gases .  It would also be i n f e r r e d  from 
F igure  A-17 of  Appendix A t h a t   t h e   t r a n s m i s s i o n   e f f i c i e n c y  
of the   quadrupole  w i l l  f a l l   s h a r p l y   w i t h   i n c r e a s i n g  mass 
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number, p a r t i c u l a r l y   f o r   t h i s   i n s t r u m e n t ,   i n  which t h e  
r 2/dz   va lue  1s approximate ly   un i ty .  
0 

Q u a l i t a t i v e l y ,  it wou ld   be   an t i c ipa t ed   t ha t   t he  
o v e r a l l   s e n s i t i v i t y   o f   t h e   s p e c t r o m e t e r   m i g h t   d i s p l a y  a 
maximum s e n s i t i v i t y   a t  some i n t e r m e d i a t e  mass  number. 
This  i s  b e c a u s e   t h e   o v e r a l l   s e n s i t i v i t y  w i l l  be  propor- 
t i o n a l  t o  the  product  of t h e   i o n i z e r   s e n s i t i v i t y   a n d   t h e  
t r a n s m i s s i o n   f a c t o r .  

Us ing   the   da ta   g iven   in   Table  I ,  it is  p o s s i b l e ,  
w i t h   c e r t a i n   a s s u m p t i o n s ,   t o   d e r i v e   r e l a t i v e   t r a n s -  
mis s ion   f ac to r s   no rma l i zed   w i th   r e spec t  t o  n i t r o g e n .  
For t h i s  c a l c u l a t i o n ,   t h e   f o l l o w i n g   r e l a t i o n  i s  used: 

I n   t h i s   e q u a t i o n ,  Sa/Sn i s  t h e   s e n s i t l v i t y  of t h e  
i o n i z e r   f o r   g a s  "A" r e l a t i v e  t o  n i t r o g e n ,  u i s  t h e  
abundance   f r ac t ion   fo r   t he  mass be ing   reso lved .  So/Sn 

i s  t h e  o v e r a l l   s e n s i t i v i t y  of t h e  s p e c t r o m e t e r   f o r   t h e  
mass peak   be ing   r e so lved   r e l a t ive   t o   n i t rogen .  Tr i s  
t h e   t r a n s m i s s i o n   f a c t o r   f o r   t h e   p a r t i c u l a r  mass r e l a t i v e  
t o  t h e  n i t rogen   t ransmiss ion .  

a 

Sa/Sn va lues  are der ived  f rom Dushman and   Laf fer ty  
by n o r m a l i z i n g   t h e i r   p u b l i s h e d   s e n s i t i v i t y   f a c t o r s   f o r  
n i t r o g e n .  The assumption i s  made t h a t   t h e   h o t - f i l a m e n t  
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i o n i z e r  w i l l  e x h i b i t   t h e  same s e n s i t i v i t y   f a c t o r s .  
This  assumption i s  r e a s o n a b l e   s i n c e   t h e   e l e c t r o n   e n e r g i e s  
used i n  t he   quadrupo le   i on ize r  are n e a r l y   e q u a l   t o   t h o s e  
used  in  Bayard-Alpert   gauge% (90 v o l t s ) .  

Rearranging  equat ion (21, 

'n 
'a a 

x -  a 

Table I1 below  shows how t h e   r e l a t i v e   t r a n s m i s s i o n ,  
ca lcu la ted   f rom  the   da ta   o f   Table  I v a r i e s  w i t h  mass 
number. 

TABLE I1 

QUADRUPOLE TRANSMISSION VS.  MASS 

(Normalized t o  Nitrogen)  

G a s  
(Mass N o .  ) 

~~ ~" . _. 

H e  

N e 2  

N228 

A r 4  

Kr84 

X e l  3 2  

~ 

a a 

1.00 

0.91 

1-00 

1.00 

0.57 

0.27 

- 'n 
'a 

x a  a 

6.45 

4.64 

1.00 

0.84 

0.95 

1.36 

Tr (low) 

1.08 

1.26 

1 . 0 0  

0.88 

" 

" 

Tr (medl 

0.58 

1.07 

1 . 0 0  

1.22 

1.69 

0.98 
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Using eq. ( 3 1 ,  the  transmission  factors (T ) have r 
been  calculated  and  normalized  with  respect  to  nitrogen. 
These  factors  are  shown  in  the  last  two  columns  of  this 
Table, for  both  the lllow" and  "medium"  mass  rsnges  of 
the  instrument. It is  apparent  from  these  data  that 
the  quadrupole  transmission  is not varying  with  mass 
number  in  the  manner  predicted by  the  theory. In  fact, 
it is  nearly  conskaht, at least  for  the IIlow" mass  range. 

The  manufacturer  was  questioned  regarding  this  un- 
expected  variation  of  transmission  vs.  mass  number. It 
was  disclosed  that  certain  bias  voltages  have  been  em- 
ployed in the  electronics  which  supply  the  dc  quadrupole 
potentials.  These  small  potentials  are  provided  to 
compensate  for  increased  quadrupole  transmission at the 
low  mass  numbers  only.  Compensation  is  accomplished 
by  essentially  improving  the  resolution at the  expense 
of  lowered  transmission.  Therefore,  the  transmission 
for  the  lower  masses  can  be  adjusted  to  be  more  nearly 
equal to  the  transmission at. the  higher  masses.  A 
noticeable  reduction  in  peak  width, AM, should  coincide 
with  this  reduction  in  the  transmission  factor. 

Figures 1 and 2 show  spectra of a  mixture  of  inert 
gases  taken on the lllow" (1-50 amu)  and  "medium" 
(10-150  amu)  mass  ranges  of  the  hot-filament  quadrupole. 
A careful  examination  of  Fig. 2 reveals  some  interesting 
qualitative  information.  Xenon 131 and 132 have  been 
clearly  resolved  with  a  valley  between  these  peaks  of 
approximately 10%. However,  krypton 8 2  and 83  have  not 
been  as well resolved. At the low end  of  the  mass  scale, 
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Fig. 1 Low  Mass  Range  Spectrum  Taken  with  the 
Hot Filament  Spectrometer. 
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Fig. 2 
Medium  Mass  Range Spectrilm Taken w i t h  the  Hot  Filament  Spectrometer. 
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the  hydrogen  and  helium  peaks are more narrow  than  those 
a t  a n y   o t h e r   p a r t   o f   t h e   e n t i r e  mass r ange .   I f   t hese  
r e s u l t s  are co r re l a t ed   w i th   t he   Tab le  I1 t ransmiss ion  
f a c t o r s  (medium r a n g e ) ,  w e  see t h e   a n t i c i p a t e d   i n v e r s e  
r e l a t i o n s h i p   b e t w e e n   r e s o l u t i o n  and  transmission. 
S i m i l a r l y ,  a comparlson  can be made between  Table I1 

t r a n s m i s s i o n   f a c t o r s   a n d   F i g .  1. As both   F ig .  1 and 
Table I1 show,  however, t h e  v a r i a t i o n  i n  r e s o l u t i o n  i s  

less for   the   " low" mass r ange   t han   fo r   t he  "medium" 
range.  

Thus f a r ,  t h e  abso lu t e   va lues  of t h e  quadrupole 
t ransmiss ion   have   no t   been   d i scussed .  I t  i s  of 
impor t ance   t o  know what these a b s o l u t e   r e l a t i o n s   a r e ,  
s i n c e   t r a n s m i s s i o n  i s  c l o s e l y   r e l a t e d   t o   s p e c t r o m e t e r  
s ens i t i v i ty .   Fu r the rmore ,   abso lu t e   da t a   shou ld   be  
a v a i l a b l e  i n  o r d e r  t o  compare t h e   h o t  and  cold- 
ca thode   i on ize r s .  The a b s o l u t e   t r a n s m i s s i o n   f a c t o r  i s  

d i f f i c u l t   t o   d e t e r m i n e ,   h o w e v e r ,   s i n c e   t h e   i o n  beam 
which e n t e r s  t h e  ape r tu re   ho le   canno t  be measured 
d i r e c t l y .   T h i s  beam i s  n o t   p e r f e c t l y   c o l l i m a t e d   a n d ,  
t h e r e f o r e ,  some i o n s  w i l l  b e   l o s t  on  the  rods  and  other  
s t ructures   even  though  the  quadrupole   vol tages  are o f f .  
under   these   c i rcumstances ,  i t  i s  necessary  to   measure 
t h e   i o n   c u r r e n t   a t   t h e   s p e c i f i e d   r e s o l u t i o n  and a t  
z e r o   r e s o l u t i o n .  The t r a n s m i s s i o n   f a c t o r  i s  then   t he  
r e s o l v e d   c u r r e n t   d i v i d e d  by the   un reso lved   cu r ren t .  
I n  making t h i s  measurement, it i s  important   to   measure 
only  one  gas a t  a t i m e .  Also, a p p r o p r i a t e   c o r r e c t i o n s  
must  be made for   the   abundance   of   the   i so tope   be ing  
r e so lved .  



The d a t a  shown i n   T a b l e  111 below  was  obtained 
u s i n g   t h i s  method o f   de t e rmin ing   abso lu t e   t r ansmiss ion ,  

TABLE I11 

ABSOLUTE TRANSMISSION  VS.  MASS NUMBER 

Gas 
(Mass No. ) 

H e  

N e 2 0  

N 2 2 8  

A r 4  

K r B 4  

X e l  3 2  

0 a 

1.000 

0 .905  

1 . 0 0 0  

1.000 

0.569 

0 .269  

. -~ 

Ta (Low Range) 
~ " 

Not  Measured 

11 11 

11 I1 

11 11 

I1 11 

11 11 

~ ~~~~~~ .. 

- 

Ta (Med. Range) 
~~~ . . " 

0.222 

0 .283  

0.286 

0.344 

0.435 

0.299 
"" . . .  

I f   t h e   d a t a  of Table I11 i s  normalized f o r  Ta ( n i t r o g e n ) ,  
t h e   r e s u l t s   a r e  i n  reasonably   c lose   agreement   wi th   the  
v a l u e s   g i v e n   i n   t h e  l a s t  column of Table 11. S i m i l a r  
a b s o l u t e   t r a n s m i s s i o n   f a c t o r s  were no t   de t e rmined   fo r   t he  
' ' low"  mass   range  because  s ignif icant   changes were n o t  
e v i d e n t   i n   T a b l e  11. 

Thus, it i s  seen   tha t   the   per formance  of the   ho t -  
f i l ament   quadrupole  i s  i n  agreement  with  quadrupole  theory 
and w i t h  t h e   m a n u f a c t u r e r ' s   s p e c i f i c a t i o n s .   I n   o r d e r  
t o   d e r i v e   q u a n t i t a t i v e   r e s u l t s  from t h e   i n s t r u m e n t ,  more 
a t t e n t i o n   s h o u l d   b e   g i v e n   t o   t h e   p r o p e r   a d j u s t m e n t  of 
t h e   c o n t r o l s  which e f fec t   quadrupole   t ransmiss ion   and  
r e s o l u t i o n   f o r   t h e   l i g h t e r   g a s e s .  
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Test Appara tus   for   Evalua t ion   of  CCIS/Quad 

Vacuum system. - The  vacuum system  used i s  shown 
s c h e m a t i c a l l y   i n   F i g .  3 .  I t  i s  d iv ided   i n to   uppe r  and 
lower   mani fo ld   un i t s ,   which   a l lows   the   upper   por t ion   to  
be  oven  baked  while  being pumped from  below.  After 
bakeout ,   the   upper   manifold i s  valved  off   and pumped  by 
the   uppe r   i on  pump. 

The upper   mani fo ld   cons is t s   o f   the   quadrupole  
spec t rometer ,  a modulated  Bayard-Alpert  gauge,  an 11 
li ter per  second U l t e k  Model 1 0 - 2 5 2  i o n  pump, a bakeable 
Var i an   u l t r ah igh  vacuum v a l v e   f o r   i s o l a t i n g  t h e  upper 
manifold  from  the  lower  and a bakeable   Var ian   va lve   for  
i s o l a t i n g   t h e   u p p e r   i o n  pump. A t h e r m o s t a t i c a l l y  con- 
t r o l l e d  oven i s  used  for   baking  the  upper   manifold 
system.  Figures 4 and 5 show two views of t h e  ex- 
per imenta l   appara tus ,  

The lower  manifold  consis ts   of  a 20  l i t e r / s e c o n d  
U l t e k  Model 1 0 - 3 5 4  i on  pump, a small   mechanical pump, 
a V a r i a n   z e o l i t e   s o r p t i o n  pump, a p o r t   f o r   a d m i t t i n g  
gas   to   the   sys tem and a s s o c i a t e d   v a l v e s   f o r   c l o s i n g   o f f  
t h e  pumps and  gas  supply i n l e t .  The  pumping speed  of 
the  system w a s  i n t e n t i o n a l l y  made s m a l l   t o  de tec t  out -  
g a s s i n g   i n   t h e  C C I S  spec t rometer .  

Quadrupole -~ - spec t rometer .  - On t h e   b a s i s  of a f e a s i b i l i t y  
-L. 

s tudy  of the   co ld-ca thode   ion   source=,  i t  w a s  concluded 
t h a t  a quadrupole mass spectrometer  would be most s u i t -  
a b l e   f o r  mass a n a l y s i s  of t h e   s o u r c e ' s   h i g h e r   i o n   e n e r g i e s  

* 
See Appendix A and a p r e v i o u s   s e c t i o n   e n t i t l e d ,  

"Se lec t ion  of a Quadrupole  Analyzer".  

3 3  
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Experimental  Test  Apparatus 



Fig. 5 

CCIS/Quadrupole  and UHV System as Arranged for 
Cleanliness  Tests 



and l a r g e r  beam c r o s s   s e c t i o n .  A commercial  quadrupole 

was purchased  equipped w i t h  a s tandard   ho t - f i lament  
i o n i z e r .  The l a t te r  permitted spectrometer performance 
comparisons  between  both  types of sources .  

Q u a d r u p o l e   s p e c i f i c a t i o n s   p e r t i n e n t   t o  a t h e o r e t i c a l  
a n a l y s i s  of r e s u l t s   a r e   a s  follows: opera t ing   f requencies  

(u) are 5.3 mHz and 3 . 3  mHz on the low and medium mass 
ranges ,   r e spec t ive ly .  Maximum a v a i l a b l e  rf p o t e n t i a l  
(V) i s  1 0 0 0  v o l t s .  The r a d i u s  ( rgj  of t h e  circle in -  
scribed by the quadrupole   rods i s  2.7 mm. The en t r ance  
aper ture   d iameter  i s  a l s o  2.7 mm. Rod l e n g t h s   a r e  
11.3 mm. 

Cold Cathode Ion  Source 

Descr ip t ion .  - The cold-cathode  ion  source [ C C I S )  

i s  a modi f ica t ion  of t h e  Redhead (ref.2) maqnetron 
gauge. An assembly drawing  of the source  attached t o  
t h e  quadrupole 1 s  shown i n   F i g .  6 .  To a l low  ion  
e x t r a c t i o n ,  the s ingle   spool   shaped   ca thode   des ign  
u s e d   i n  the gaug& is  s e p a r a t e d   i n t o  t w o  cathodes,   one 
wi th  a remnant   s tub (K1) which is 9 . 7  mm long  and 3.1 mm 
i n   d i a m e t e r .  A l l  remaining  e lectrode  dimensions  remain 
a s   i n  t he  gauge. The horseshoe magnet o r d i n a r i l y   u s e d  
has been replaced by hol low  cy l indr ica l   ceramic   magnets .  
Dimensions  and f ield s t r e n g t h s  of the magnets  used  are 
g i v e n   i n  later s e c t i o n s .   F i g u r e  7 shows  two  views of 
t h e  CCIS/Quadrupole  without i t s  externa l   hous ing .  



Fig. 6 

Cross-Section of Cold  Cathode  Ion  Source 
Showing  Attachment  to  Quadrupole  Analyzer. 

38 



! 
i 

(a) Overall View 

F i g .  7 

Two V i e w s  of CCIS/Quadrupole 



Source   e lec t rodes  are supported on a s ta inless  
steel cy l ind r i ca l   hous ing   ma in ta ined  a t  g round   po ten t i a l .  
Auxi l iary  cathodes  are   welded t o  it d i r e c t l y .  The 
anode is  a t t ached   and   i n su la t ed  by sapphi re   spheres .  
I t  i s  n o t   p e r f o r a t e d  as i n   t h e  Redhead  gauge.  Cathodes 
X, and K2 are   suppor ted   and   insu la ted  by g l a s s   s t u d s .  
This   arrangement   provides   independent   e lectronic  access 
t o   t h e  anode  and  each  cathode; it l ikewise   p rovides  
a guard   r ing   des ign   which ,  by prevent ing  leakage 
be tween  e lec t rodes ,   p revents   in te r fe rence  w i t h  low l e v e l  
cu r ren t  d e t e c t i o n .  

The source  housing i s  pe r fo ra t ed   and   a t t ached   t o  
the  quadrupole   with  heavy  refractory wire and  a s l o t t e d  
s leeve ;   d i s tance   be tween  the   faces   o f  X, and t h e  
quadrupo le   ape r tu re   p l a t e  w a s  maintained a t  2 .4  mm ( a s  
c lose   as   poss ib le   wi thout   caus ing   a rc ing   be tween elec- 
t rodes  ) . 

Tungsten mesh sc reens  were used  over   the X, aper- 
t u r e  and  the  quadrupole   entrance  aper ture  f o r  t h e  
fol lowing  reasons:  (a) to  a l l o w   t e s t i n g  of t h e   e f f e c t  
of potent ia l   d i f ferences  between  these  components  
without   causing beam d e f o c u s i n g ,   ( b )   t o   i s o l a t e  
magnetron  and  quadrupole electric f i e l d s   a n d , ( c )   t o  
f l a t t e n   t h e   m a g n e t r o n   p o t e n t i a l   d i s t r i b u t i o n   a t  K, 
which  otherwise  bulges   through  the K, a p e r t u r e ;   t h i s  
i s  to   reduce   ion   defocus ing  and r e s u l t a n t   s e n s i t i v i t y  
losses. 
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CCIS/Quad Test Procedures And R e s u l t s  

General .  - CCIS/Quadrupole  performance w a s  i n v e s t i g a t e d  
as a f u n c t i o n  of the   pa rame te r s   d i scussed   be low,   f i r s t  
t o   d e t e r m i n e  optimum source   opera t ing   condi t ions   and  
second, t o  n o t e   t h e   r e s u l t a n t   s p e c t r o m e t e r   r e s p o n s e   t o  
mass a n d   p r e s s u r e   v a r i a t i o n s .   D u r i n g   t h e   f i r s t   p a r t  
o f   t h e   i n v e s t i g a t i o n ,   n i t r o g e n  w a s  used as t h e  t e s t  
gas  a t  a pressure  of   5 .4  x lo-' T o r r .   I n i t i a l l y ,  a 
5.0 kV anode   po ten t i a l  w a s  used   and   ca thode   po ten t ia l s  
VK1 and VK2 were k e p t  a t  z e r o   v o l t s ;   t h e r e a f t e r ,   v a l u e s  
were used  which  successively were shown t o   g i v e   t h e  
b e s t   r e s o l u t i o n  and s e n s i t i v i t y .  

Performance " . " vs. q u a d r u p o l e   r e s o l u t i o n   s e t t i n g .  - A 

f ami ly   o f   n i t rogen   spec t r a  were recorded as a func t lon  
o f   q u a d r u p o l e   r e s o l u t i o n   d i a l   s e t t i n g s .  The l a t t e r  
c o r r e s p o n d   t o   r a t i o s  of d c   a n d   r f   r c d   p o t e n t i a l s ,  U 

and V r e s p e c t i v e l y ,   i n   P a u l ' s   ( r e f .  3 )  equa t ion  for  
quadrupole   spec t rometer   reso lu t ion :  

___ - "  

" " 0.126 
AM 0.16784 - U/V 

where M i s  the   a tomic  mass and AM the  peak  width a t  
i t s  base .   Spec t r a l   r e so lu t ion   changes  were determined 
by compar ing   the   fu l l   wid th  a t  h a l f  maximum (FWHM) of 
the  ni t rogen  peaks.   Experimental   resolut ion  improved 
as d i a l   s e t t i n g s   p r o c e e d e d   t o w a r d   h i g h e r   t h e o r e t i c a l  
r e s o l u t i o n ;   s e n s i t i v i t y   c o r r e s p o n d i n g l y   d e c r e a s e d   ( a s  
p r e d i c t e d  by t h e o r y )   u n t i l  a s e t t i n g  w a s  reached (4.95) 
beyond  which s e n s i t i v i t y   c o n t i n u e d   t o   d e c r e a s e   w i t h   n o  
f u r t h e r   r e s o l u t i o n  improvement .   This   set t ing w a s  t hen  
s e l e c t e d  as optimum  and  used in   subsequent   exper iments .  
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Performance  vs.  C C I S  anode - p o t e n t i a l .  - -~ - As w i t h  

r e s o l u t i o n   s e t t i n g   e x p e r i m e n t s ,  FWHM measurements were 
made vs .   anode   po ten t i a l  (V,) on a fami ly  of n i t r o g e n  
s p e c t r a .   T h i s  was done  both  on  the low and medium mass 
ranges  (1-50 amu and  10-150 amu, r e s p e c t i v e l y ) .  The 
optimum value   o f  VA fo r   bo th   r anges  was i n   t h e   v i c i n i t y  
of 2 . 0  kV (compared w i t h  5 . 0  kV normal ly   used   in  
magne t ron   t o t a l   p re s su res   gauges ) .   F igu re  8 i l l u s t r a t e s ,  
f o r  the  medium mass range,   the   resolut ion  improvement  
and  accompanying s e n s i t i v i t y   r e d u c t i o n   e x i s t e n t  as a 
func t ion   o f  VA. ( I t  i s  e v i d e n t   t h a t   t h e   d i s c h a r g e  w a s  
u n s t a b l e  a t  5.0  kV). 

Performance  vs. C C I S  ma-gnet " ~~ p o s i t i o n .  -~ - Using t h e  

optimum r e s o l u t i o n   s e t t i n g  and optirhum anode   po ten t i a l  
d i scussed   above ,   spec t ra  were recorded  against   magnet  
p o s i t i o n ;   f i r s t   a x i a l l y  and t h e n   r o t a t i o n a l l y .   P o s i t i o n s  
g iv ing  optimum reso lu t ion ,   a s   de t e rmined  by FWHM, were 
s e l e c t e d .   U n l i k e   s p e c t r a l   v a r i a t i o n s   w i t h   r e s o l u t i o n  
s e t t i n g  and   w i th   anode   po ten t i a l ,   no   s ens i t i v i ty   l o s s  
accompanied t h e  p o s i t i o n a l l y  improved  resolut ion.  
Resolu t ion  w a s  found optimum when t h e   m a g n e t ' s   c e n t e r  
co inc ided  w i t h  t h e  midplane  between  cathodes K, and K2. A 

+ 3   AI a x i a l  magnet movement caused about a 2 0 %  broadening 
of the p e a k ' s  FWHM. A 1 0 %  FWHM maximum v a r i a t i o n  
o c c u r r e d   w i t h   r o t a t i o n a l   p o s i t i o n i n g .  
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Performance  vs.  C C I S  i o n   r e t a r d i n g   p o t e n t i a l .  - 
A c c e l e r a t i o n   a n d   r e t a r d a t i o n   o f  i o n s  p r i o r  t o  their  
e n t r a n c e   t o   t h e   q u a d r u p o l e  w a s  e f f e c t e d  by equa l  
a l t e r a t i o n  of c a t h o d e   p o t e n t i a l s  VK1 and V whi le  
the  quadrupole   en t rance   aper ture  was maintained  grounded. 
Acce le ra t ion  w a s  found to   deg rade   quadrupo le   r e so lu t ion  
wh i l e  r e t a r d a t i o n  improved it. T h i s  improvement, 
coup led   w i th   t ha t   ob ta ined  by lowering t h e  anode  poten- 
t i a l  (d i scussed   above ) ,   po in t s   t o   h igh   i on   ene rgy  as 
a n   i m p o r t a n t   r e s o l u t i o n   l i m i t i n g   f a c t o r .  

K2 

Nitrogen  peak  narrowing,  produced by i n c r e a s i n g  
r e t a r d a t i o n   p o t e n t i a l s ,  i s  shown i n   F i g .  9 f o r  some of 
the  v a l u e s   i n v e s t i g a t e d .  A 300 v o l t   r e t a r d a t i o n   p o t e n -  
t i a l  w a s  found  optimum, when accompanying a 2.0 kV 
( la te r  2.2 kV) anode   po ten t i a l .   Fo r  t h i s  de te rmina t ion  
the 1 0 %  v a l l e y   c r i t e r i o n  w a s  used,  the FWHM c r i t e r i o n  
being  abandoned  due t o  improved  resolut ion.  

* 

Performance  vs .   potent ia l   between CCIS ca thodes .  - 
When making  cathode  potent ia l  VK1 'VK2 , r e s o l u t i o n  
d e t e r i o r a t e d   o b v i o u s l y .  For VKi .: VKz, two cond i t ions  
were t e s t e d :  (1) w i t h  VK2 a t  - 300 v o l t s ,   r e s o l u t i o n  
r emqined   cons t an t   and   s ens i t i v i ty   dec l ined ,  ( 2 )  with  

vK2 a t  z e r o   v o l t s ,   r e s o l u t i o n   i m p r o v e d   b u t   n o t   t o   t h e  
ex ten t   ach ieved  by e q u a l   v a r i a t i o n   o f   c a t h o d e   p o t e n t i a l s ,  
n o t e d   i n   t h e   p r e v i o u s   s e c t i o n .  T h i s  i n v e s t i g a t i o n  w a s ,  
t he re fo re ,   conc luded .  

* 
Peak separa t ion   which   a l lows  a v a l l e y  less than  1 0 %  

of  the  h e i g h t   o f  ei ther ad jacent   peak .  With  one  peak, 
a n   e q u i v a l e n t   c r i t e r i o n  w a s  u s e d ;   t h e   s e p a r a t i o n  be- 
tween 5% of   the  peak  height   on either s i d e  of t h e   p e a k ' s  
c e n t e r   l i n e .  
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performance I vs.   quadrupole  mass range   ( f requency) .  - 
Figure  1 0  shows n i t rogen   spec t r a   ob ta ined   on   t he  low 
and medium mass ranges   us ing  optimum c o n d i t i o n s ,   a s  
discussed  above.  Only a p o r t i o n   o f   t h e   s p e c t r a   a r e  
shown and scales are no rma l i zed   t o   t he  same mass 
s c a l e .  The supe r io r .   r e so lu t ion   and   s ens i t i v i ty   o f   t he  
low mass range is obvious.  (The no l se  on t h e  medium 
mass spectrum i s  i n  t h e  X-Y r e c o r d e r ) .   R e s o l u t i o n  a t  
t h i s   s t a g e   o f   i n v e s t i g a t i o n   ( u s i n g   t h e  1 0 %  v a l l e y  
c r i t e r ion )   a l l owed   peak   s epa ra t ions  of 2 - 5  amu and 1.5 
amu f o r   t h e  medium and  low mass r anges ,   r e spec t ive ly .  
These  values were r ep roduc ib le .  The impl i ca t ions   o f  
t h e   s p e c t r a l   d i f f e r e n c e s  as a func t ion   o f  mass scanning 
range w i l l  b e   d e s c r i b e d   i n  a l a t e r   s e c t i o n   e n t i t l e d  
"Discussion of Resul t s ' ' .  

Performance  vs.  magnet s i z e .  - Experiments  hereto- 
f o r e   d e s c r i b e d ,  were performed  with a h o l l o w ,   c y l i n d r i c a l ,  
ceramic  magnet   s tack  with  an 11.4 c m  o.d. ,   4.8 cm i . d .  
and a 5 .7  c m  l e n g t h ,  Most of these experiments were 
r epea ted   u s ing  a smaller magnet stack w i t h  an 8 .9  c m  
o .d . ,   4 .8  c m  i . d .   and   3 .8  c m  length .   Axia l   magnet ic  
f l u x   d e n s i t i e s ,   i n   g a u s s ,   f o r   t h e   l a r g e  and small magnets, 
r e s p e c t i v e l y ,  were a s   fo l lows :  

(1) o n   a x i s   a t   t h e   m a g n e t ' s   c e n t e r ,  1 2 2 0  

and  838. 

( 2 )  on a x i s  a t  the  magnet ' s   edge,  397 and 
368. 

(3)  on t h e  i n s i d e  wall  of the  magnet a t  t h e  

magnet ' s   cen ter ,  1 4 2 6  and  957. 
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The spec t r a   ob ta ined   w i th   t he  small magnet were 
very similar t o   t h o s e   o b t a i n e d   w i t h   t h e   l a r g e   m a g n e t .  
Resolu t ion  a t  t h i s   s t a g e   o f   i n v e s t i g a t i o n ,   a l l o w e d  
peak  separat ions  of  3 .0  amu and 1.5 amu ( u s i n g   t h e  1 0 %  
v a l l e y   c r i t e r i o n )  on t h e  medium and low mass ranges .  
This  compares  with 2 . 5  amu and 1.5 amu, r e s p e c t i v e l y ,  
f o r   t h e   l a r g e   m a g n e t .   S e n s i t i v i t y  w a s  s l i g h t l y   b e t t e r  
t h a n   h a l f   t h a t   o b t a i n e d  w i t h  the   l a rge   magnet .  Most 
s i g n i f i c a n t l y ,   t h e  small magnet  displayed  comparatively 
l a r g e   o p e r a t i n g  mode i n s t a b i l i t i e s ;   d u r i n g   o n e  mode 
change ,   the   en t i re   n i t rogen   peak   temporar i ly   d i sappeared .  

Fu r the r   deve lopmen t   migh t   e s t ab l i sh   r e l i ab le  
ope ra t ion   w i th  l i t t l e  o r  no l o s s   o f   r e s o l u t i o n   o r  
s e n s i t i v i t y ,   p e r h a p s   f o r  s t i l l  smaller magnets. A t  

p resent ,   however ,   the   l a rger   magnet   g ives  a more s t a b l e  
and sens i t ive   per formance .  

Performance  vs .   spectrometer   c leanl iness .  ~ " - The C C I S /  

Quadrupole  and  upper  manifold were baked a t  425'C f o r  
4 8  h o u r s   p r i o r   t o   t h e  tes ts  to   be   desc r ibed   nex t .   Th i s  
w a s  i n  p r e p a r a t i o n   f o r   t e s t i n g   c o l l e c t o r  c u r r e n t  l i n e a r i t y  
w i t h   p r e s s u r e   a n d   f o r   d e t e r m i n i n g   a b s o l u t e   s e n s i t i v i t y .  

The b a k i n g   r e s u l t e d   i n  an  unexpec ted   reso lu t ion  
improvement.  Peak  separations  of 1. amu and .7 m u   i n   t h e  
medium and low mass r a n g e s ,   r e s p e c t i v e l y ,  were obta ined  
where  2.5 amu and  1.5 amu e x i s t e d   p r e v i o u s l y .  The 
p o o r e r   r e s o l u t i o n   i n   t h e   d i r t i e r   s y s t e m  i s  be l i eved  
produced by increased  secondary  ion  emission,   caused by 
i o n s   o r   e l e c t r o n s  from  the  source  bombarding  the 
quadrupole   rods.   Secondary  ions  thus  produced  par t  way 
down t h e   r o d s  would n o t   b e   f u l l y   r e s o l v e d  and could  cause 
t h e   o b s e r v e d   r e s o l u t i o n   d e t e r i o r a t i o n .  
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111" 

As noted i n  t h e  SUMMARY, one   o f   t he   ob jec t ives  of 
t h i s  program is  t o  improve   the   c leanl iness  of a quadrupole 
spec t rometer  by us ing  a cold-cathode  ion  source.  
Accordingly,  cer ta in  tests were conducted   dur ing   the  
program i n  an   a t t empt   t o   de t e rmine ,  a t  l e a s t   q u a l i t a -  
t i v e l y ,   t h e   c l e a n l i n e s s   o f   t h e   s p e c t r o m e t e r .   S i n c e  
program  l imi ta t ions   p rec luded   d i rec t   compar ison   of   ho t  
and   co ld   spec t rometers ,  a Modulated  Bayard-Alpert 
gauge w a s  used t o   s i m u l a t e  a ho t   f i l amen t   sou rce .  When 
the  gauge i s  ope ra t ing ,   t he   p rocesses   wh ich   g ive  rise 
t o   t h e   s p u r i o u s   s p e c t r a  (C , Of,  CO', C 0 2  , e tc . )  i n  
ho t - f i l amen t   spec t romete r s ,  w i l l  a l s o   o c c u r   i n   t h e  
MBAG. The magnitude  of  these  anomalous  peaks w i l l  
depend on many f a c t o r s   s u c h  as f i lament   t empera ture ,  
e l ec t ron   emis s ion   and  on i n i t i a l  gauge   c leanl iness .  
Therefore ,   the   Bayard-Alpert   gauge  has   had  the  benefi t  
of a r igorous   ou tgass ing   procedure   and   the   en t i re  
system  had been pumped down for   approximate ly  30 days 
be fo re  t h e  f i r s t  tes t  t o   b e   d e s c r i b e d  was begun. 
F igure  11 shows t h e   r e s u l t s   o f  t h i s  t e s t .  The t e s t  
sequence i s  from the   bo t tom  to   t he   t op   o f   t he   f i gu re  
and   t he   s cans   a r e   l abe l l ed  I through V. Scan I shows 
the  background  spectra  of the  system as determined by 
t h e  CCIS/Quadrupole. The MBAG has   been   tu rned   of f   for  
1 8  hours.  Scan I1 shows t h e  spectrum  immediately  af ter  
turn-on  of   the MBAG. The typ ica l   peaks   o f  C + ,  O+, CO+, 

and   poss ib ly  CO, are seen.  Scans I11 and I V  show t h e  
CO' peak 2 and 3 h o u r s   a f t e r   i n i t i a l  start o f   t h e  MBAG. 

I t  i s  no tewor thy   t ha t   t he  CO peak i s  still p r e s e n t .  
Scan V shows cond i t ions   on ly   f i ve   minu te s  a f t e r  t u r n i n g  
off   the   Bayard-Alpert   gauge.  The CO peak  has  decayed 

+ + 

+ 

+ 

+ 
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more n o t i c e a b l y   i n   t h e   f i v e   m i n u t e   p e r i o d   b e t w e e n  
I V  and V than   in   the   one   hour   per iod   be tween  scans  
I11 and I V .  I t  i s  o b v i o u s   t h a t   t h e   i n i t i a t i o n  of t h e  
hot-f i lament   gave rise t o   c e r t a i n   p e a k s  which are n o t  
e a s i l y  removed,  despite  continuous  pumping, as long 
a s   t h e  MBAG i s  ope ra t ing .  The product ion  of  these 
peaks ,   t he re fo re  i s  not   s imply a s i n g l e   d e s o r p t i o n   p r o -  
cess, bu t   i nvo lves  a desorp t ion-adsorp t ion   cyc le  re- 
q u i r i n g  a long t i m e  t o  overcome. A number of  such 
c y c l i c   i n t e r c h a n g e s   a r e  known t o   e x i s t  w i t h  ho t - f i lament  
gauges. 

The H2 and H e  p e a k s   a r e   a l s o   n o t i c e a b l e   i n   a l l  
t he   s cans .  The hydrogen  peak (Hz ) w i l l  be d iscussed  
s h o r t l y .  The helium (He') peak i s  probably a remnant 
from  an  accidental   over-exposure  to  helium  (above 
Torr)  which  occurred weeks be fo re .  The system was n o t  
baked  subsequent   to   this   exposure.  

+ + 
+ 

Figure  1 2  shows a second  attempt a t   d e f i n i n g  
s p e c t r o m e t e r   c l e a n l i n e s s .   F o r   t h i s  t e s t ,  t h e  UHV valve  
shown i n   F i g .  3 between  the  upper   ion pump and  upper 
manifold w a s  removed  and  placed  between  the C C I S /  

Quadrupole   spectrometer   and  the  upper   manifold.   This  
c o n f i g u r a t i o n  i s  shown i n   F i g .   5 .  With t h i s  va lve  
in t e rven ing   t he   spec t romete r  and the  system it is 
p o s s i b l e   t o   i s o l a t e   t h e   s p e c t r o m e t e r .   T h r e e   c o n d i t i o n s  
are shown i n  t h i s   f i g u r e .   I n   t h e   f i r s t ,   t h e   s p e c t r u m  
o f   t he   en t i r e   sys t em is  shown.  The upper   ion pump and 
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MBAG are opera t ing   and   the   va lve   be tween  the   spec t ro-  
meter and the   sys tem i s  open. The middle  scan w a s  
t aken   w i th   t he   i on  pump o f f   t o   de t e rmine   wha t   gases  
are be ing  removed by t h e   i o n  pump. I n   b o t h   t h e   f o r e -  
going cases, hydrogen ( H 2  ) i s  t h e   o n l y   r e s i d u a l  
d e t e c t a b l e .  When t h e  spec t rometer  i s  i s o l a t e d  w e  
n o t i c e  a v e r y   l a r g e   i n c r e a s e   i n   t h e  H z  peak ,   toge ther  
wi th  a small helium ( H e  ) peak. The source  of  t h e  

hydrogen  peak i s  n o t  known. I t  may be  anywhere i n s i d e  
the   spec t rometer   and/or   va lve   conf igura t ion .   Present  
s p e c u l a t i o n  i s  t h a t  t h e   s t a i n l e s s  s tee l  o f   t he   spec t ro -  
meter housing may be t h e  source .  Redhead has  ex- 
per ienced  similar r e s u l t s   u s i n g  a r igo rous ly   c l eaned  
ho t - f i l amen t   spec t romete r   a t t ached   t o  a s t a i n l e s s  s tee l  
system. I n  any e v e n t ,   t h e  familiar C , O+, CO and 
C 0 2  s p e c t r a  were not   observed   wi th   the   spec t rometer  
i s o l a t e d .  .The cen te r   s can   ( i on  pump o f f )  raises t h e  
q u e s t i o n  as t o  why so l i t t l e  hydrogen w a s  observed  with 
t h e   i o n  pump on o r   o f f .  The answer i s  t h a t   t h e   c l e a n  
t i t a n i u m   s u r f a c e s   i n   t h e   i o n  pump i s  a n   e x c e l l e n t  
hydrogen   ge t te r   whether   the  pump is  o p e r a t i n g   o r   n o t .  

+ 

+ 
+ 

+ + 
+ 

As noted   prev ious ly ,   and   as  w i l l  be n o t e d   i n  a l a t e r  
s ec t ion ,   conc lus ive  tests of t h e  CCIS/Quadrupole  clean- 
l i n e s s   m u s t  await a s imultaneous  comparison  with  the  hot  
and  cold-cathode  vers ions  of   the   instrument   under  
similar cond i t ions .  With the   except ion   of   hydrogen ,  
on ly   remnants   o f   res idua l   gases   have   been   no ted .  
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Reso lu t ion   v s .   p re s su re .  - Resolution  improved 
s l i g h t l y   w i t h   i n c r e a s e d   p r e s s u r e ,   b u t   i o n   r e t a r d i n g  
p o t e n t i a l  had t o  b e   r e d u c e d   t o   p r e v e n t   s p e c t r a l  
e x t i n c t i o n ;   i o n   e n e r g y   a p p a r e n t l y  decreases w i t h  i n -  
c r e a s i n g   p r e s s u r e .   I n   a c c o r d a n c e ,  a r e t a r d i n g   p o t e n -  
t i a l   j u s t  under t h a t  c a u s i n g   s p e c t r a l   e x t i n c t i o n   a p p e a r e d  
optimum; t h e  va lues   no ted  a t  s e v e r a l   p r e s s u r e s  were as 
fo l lows:  300 v o l t s  a t  5.4 x l o - '  T o r r ,  200 v o l t s  a t  
3 . 8  x Tor r ,  75 v o l t s   a t  1 . 2  x Tor r ,  54 
v o l t s  a t  2.3 x Torr .  

* 

Figure   13  shows a medium mass range  spectrum  of 
an   i ne r t   gas   mix tu re ,   ob ta ined  a t  2.3 x Torr  sub- 
s e q u e n t   t o  a 425'C bakeout.  I t  i s  evident   f rom  the  
X e 1 3 1  and X e 1 3 2  p e a k s   t h a t  a 1 amu sepa ra t ion   has   been  
obta ined   us ing   the  1 0 %  v a l l e y   c r i t e r i o n .  On t h e  low 
mass r a n g e   r e s o l u t i o n   b e t t e r   t h a n  .7  amu was ob ta ined .  
A low mass range  methane  spectrum a t  2.5 x Torr  i s  
shown i n   F i g .  1 4 ;  although  not  optimum, t h e  same 
r e t a r d i n g   p o t e n t i a l  w a s  used a t  2 - 3  x Tor r .  A .7 
m u  peak  separation  can  be  deduced a t  mass 1 6  u s ing  
t h e   s i n g l e  peak 1 0 %  v a l l e y   c r i t e r i o n .  T h i s  r e s o l u t i o n  
is  e q u a l   t o   o r  bet ter  t h a n   t h a t   o b t a i n e d  by t h e  au tho r s  
us ing   the   ho t - f i lament   source   suppl ied   as   s tandard   equip-  
ment w i th   t h i s   quadrupo le ;  i t  a p p e a r s ,   t h e r e f o r e ,   t h a t  
r e s o l u t i o n ,  a t  t h i s  p o i n t  i s  l i m i t e d  by t h e  quadrupole 
i t s e l f .  

* 
More r ecen t   i n fo rma t ion  has been  publ ished on t h e  

phenomenon showing how t h e   i o n   e n e r g y   i n  a Penning  dis-  
charge varies wi th   p ressure   and  c e l l  anode  vol tage.  
See: Lamont, L .  T . ,  Jr . ,  14 th  N a t ' l .  V a c .  Symposium, 
AVS 1 9 6 7 ,  pp.  149-150. 
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Figure 13.- Performance of CCIS/Quadrupole  on medium 
mass  range f o r  inert  gas  mixture 
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I t  i s  o f   i n t e r e s t   t o   n o t e  ‘the very  small peak a t  
mass 1 7  which i s  fu l ly   r e so lved ,   a l t hough   on ly   one  
mass u n i t   s e p a r a t e s  it from t h e   l a r g e  mass 1 6  (CH, ) 

peak .   The re fo re ,   r e so lu t ion  i s  g r e a t e r  on t h e   h i g h e r  
mass s i d e   o f  a given  peak  than  on t h e  lower   s ide .  

+ 

I o n   c u r r e n t   v s .   p r e s s u r e .  - I o n   c u r r e n t  a t  t h e  

quadrupo le   co l l ec to r  was i n v e s t i g a t e d   a s  a func t ion  
of  pressure  from  approximately 3 x lo-’ T o r r   t o  
1 x T o r r   f o r  H e 4 ,  N e z 0 ,  N2* and A 4 0  on t h e  low 
mass range  and  for  A 4 0  and K r S 4  on the medium mass 
range. A c o n s t a n t  1 0 0  v o l t   i o n   r e t a r d i n g   p o t e n t i a l  w a s  
used  and  the  fol lowing  procedure  adopted:  (a>  MBAG 

emiss ion   cu r ren t  was ad jus t ed   fo r   each   gas ,   acco rd ing  
t o   r e l a t i v e   s e n s i t i v i t i e s   t a b u l a t e d  by Dushman and 
Young i n  Duskman (ref.  l), t o   g i v e  a c o n s t a n t   p r e s s u r e  
s e n s i t i v i t y   o f  .01 amps/Torr,   (b)  the  quadrupole was 
s e t  on t h e  peak  of t h e  mass u n d e r   i n v e s t i g a t i o n ,  (c)  
t h e   i o n  pumps w e r e  valved  off   and  the  gas   under  
i n v e s t i g a t i o n  admitted s lowly   t o   ma in ta in   p re s su re  
equi l ibr ium  between  gauge  and  ion  source,  (d)  quadrupole 
c o l l e c t o r   c u r r e n t  was t h e n   c o n t i n u o u s l y   p l o t t e d   a g a i n s t  
Modulated  Bayard-Alpert   gauge  current.  

I o n   c u r r e n t  a t  t h e   q u a d r u p o l e   c o l l e c t o r  (i,) vs .  
p r e s s u r e   ( p )  was found t o  obey t h e  r e l a t i o n s h i p :  

i = kp n 
C (5) 



(where k i s  a c o n s t a n t )   f o r  Nz2*, and K r B 4 ,  whi le  
H e 4  and N e z o  obeyed   equat ion   (5)   on ly   in   the  
Torr   range.  A d e c r e a s e   i n   t h e   e x p o n e n t   o c c u r r e d   f o r  
the  l a t t e r  gases  w i t h  d e c r e a s i n g   p r e s s u r e   i n  t h e  lo-’ 
Torr  range  and was be l i eved   due   t o  a l e a k   i n  t h e  

system. The low i o n i z a t i o n   e f f i c i e n c y   o f  H e 4  and Ne20 
makes them  more s u s c e p t i b l e   t o  these problems. The 
exponent n was between 1 . 1 5  and 1 . 2 0  f o r   n i t r o g e n ,  
argonrand  krypton;   for   neon  and  hel ium, i t  w a s  . 9 2 7  
and  .950,   respect ively.  

I n  a l a t e r   s e c t i o n   o f  t h e  r e p o r t ,  t h e  p a r t i a l  
pressure  performance  of  t h e  in s t rumen t  w i l l  be d i s -  

c u s s e d   i n  t h e  realm  of lo-’ t o  t h e  1 0  Torr   range,  
for   n i t rogen ,   a rgon ,and   neon .  

- 1 2  

S e n s i t i v i t y   v s .   a t o m i c  mass. - S e n s i t i v i t y   v s .  
~ ~~ 

atomic mass f o r  t h e  g a s e s   i n v e s t i g a t e d  i s  shown i n  
Table I V .  Values are t a b u l a t e d  a t  1 x l o m 7  Torr  and 
3 x lo-’ Tor r ,  which  a r e  t h e  mean values   of  t h e  p r e s s u r e  
e x t r e m e s   i n v e s t i g a t e d .   S e n s i t i v i t i e s  are der ived  f rom 
r e p r e s e n t a t i v e   c u r v e s  drawn  from t h e  d a t a ,  which fo l low 
the r e l a t i o n s h i p   g i v e n  by  Eq. ( 5 ) .  The lower   p ressure  
va lues   fo r   he l ium and  neon are e x t r a p o l a t e d   v a l u e s .  
S e n s i t i v i t i e s   o b t a i n e d   a t  1 x Torr  w i t h  t he   ho t -  
f i l a m e n t   s o u r c e   o p e r a t e d   a t  a 3 m a  emis s ion   cu r ren t  
a r e   a l so   t abu la t ed   fo r   compar i son .   Reso lu t ion   fo r   bo th  
hot-f i lament   and  cold-cathode  sources  w a s  approximately 
1 amu f o r   a l l   v a l u e s  shown. Sens i t i v i t i e s   have   been  
c o r r e c t e d   f o r   r e l a t i v e   a b u n d a n c e s  and f o r  MBAG sen- 
s i t i v i t y   v a r i a t i o n   w i t h   g a s   c o m p o s i t i o n .  The t a b u l a t e d  
s e n s i t i v i t i e s  were ob ta ined   w i th  a Faraday  cup  ion 
c o l l e c t o r  and are,  the re fo re ,   unampl i f i ed .  
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TABLE I V  

SPECTROMETER  SENSITIVITY  VS.  ATOMIC MASS FOR HOT FILAMENT 
AND COLD-CATHODE ION  SOURCES. 

(L  and M Ind ica te  Low and Medium Mass 
R a n g e   R e s u l t s ,   R e s p e c t i v e l y . )  

S e n s i t i v i t y  ( m a / T o r r )  

Gas T 
3 x lo-’ T o r r  

. -” 

. 0 7 7 a  ( L )  

. 1 3 0 a  ( L )  

. 4 0 0  (L) 

. 7 3 0  ( L )  

. 3 8 0  (Mj 

- 7 4 0  (M) 

- . - -I I “ 

- 1 x l O ” - T o r r  

0 . 0 6 4  (L) 

0 . 1 0 0   ( L )  

0 . 8 2 0  ( L )  

1 . 2 0 0  ( L )  

0 . 7 8 0  (MI 

1 . 2 0 0  (M) 

T Hot F i l a m e n t  

1 x 10” T o r r  

- - 

. 0 4 2  ( L )  

. 0 6 8  ( L )  

- 2 5 0  ( L )  

. 2 6 0  ( L )  

. 2 9 0  (MI 

- 3 5 0  (M) 

- 

a = (ex t rapola ted)  

I t  i s  seen t h a t  C C I S  s e n s i t i v i t i e s  exceed those  of t h e  

hot-cathode source over t h e  range of p a r a m e t e r s  i nves t iga t ed ,  
even though t h e  hot-cathode source w a s  operated a t  a 

r e l a t i v e l y  h igh  e m i s s i o n  cur ren t .  T h e  s e n s i t i v i t y  advantage 
increases w i t h   a t o m i c  number; under l o w   m a s s  range o p e r a t i n g  
c o n d i t i o n s ,  t h e  C C I S / h o t - f i l a m e n t  s e n s i t i v i t y  r a t i o  i n -  

creases f r o m  1 .5  t o  4 . 6  over the mass range 4 a m u  to 4 0   a m u .  

s 9  



Absolute  sensitivities  range  from  a  low of .064  mA/Torr 
for  helium  to  a  high  of 1.2  mA/Torr for  krypton  and  argon. 
The maximum  sensitivity  variation  with  pressure  for  any 
particular  gas is a  factor of two  over the  approximately 
two decades  investigated. 

The sensitivity  variation  with  mass  is  caused by 
variations  both in the  ion  transmission  of  the  quadrupole 
and in the  ionization  efficiency of the  source.  The 
quadrupole  manufacturer  supplied  electronic  means  for 
adjusting  relative  mass  sensitivities  but  these  con- 
trols  were not investigated. 

Resolution vs.  atomic  mass. - Some  variation in . " 

resolution  as  a  function of mass is observable  (see 
Figs. 13 and  14). This  is  attributed  primarily  to 
arbitrary  settings of the  manufacturer's  electronic 
sensitivity  control  noted above, since  sensitivity  can 
be increased  only at the  expense of resolution. 

Discussion  of  Results 

The above  results  demonstrate  the  capability  of  a 
quadrupole  spectrometer  to  produce  spectra  with  high 
sensitivity  and  resolution  when  coupled  to  a CCIS. How- 
ever,  the  quadrupole  used  was  selected  for  its  commercial 
availability  and  does  not  represent an optimum  design 
for  a CCIS. Optimum  designs  are  discussed in Appendices 
A and  B. A  larger  rf  potential  and  larger  physical 
dimensions  (primarily  r ) are  required  to  accommodate 
the  larger  ion  energy  spread  and  larger  ion  beam  diameter 
emergent  from  the CCIS. 

0 
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An i l l u s t r a t i o n  of t h e   b e n e f i t s   o f  a l a r g e r   r f  
o p e r a t i n g   p o t e n t i a l  i s  t h e  improvement r e s u l t a n t  from a 
s w i t c h   t o   t h e  l o w  mass range  f rom  the medium mass range.  
I t  w a s  noted (see. F ig .  1 0 )  t h a t   s e n s i t i v i t y   i n c r e a s e d  
almost  a f a c t o r   o f  two and t h a t   r e s o l u t i o n  improved 
from a 1 0 %  va l l ey   peak   s epa ra t ion  of 2.5 amu to 1 . 5  
amu ( la te r  1.0 amu and .7 amu, r e s p e c t i v e l y ) .  

One reason  for   this   improvement  can be  seen  from 
r e l a t i o n s h i p s   d e r i v e d  by P a u l   ( r e f .   3 ) .  The r f   p o t e n t i a l  
V I  mass M ,  r f   f r equency  v I  and t h e   r a d i u s   o f   t h e  c i rc le  
i n s c r i b e d  by the   quadrupole   rods  r o ,  are r e l a t e d  by 

M v 2 r 0 2  
v =  (6 1 

2.3 x 

( t h e   c o n s t a n t   d e r i v e s   f r o m   t h e   u s e   o f  mks u n i t s ) .  Low 
mass r a n g e   r e s o l u t i o n  and s e n s i t i v i t y  improvement 
ex is t s   because   the   quadrupole   employs   h igher   f requency  
(5.3 m H z )  on  the low mass range  than on t h e  medium 
mass range ( 3 . 3  m H z )  . I t  can be seen  from Eq. ( 6 )  t h a t  
as a r e s u l t ,   t h e   r f   p o t e n t i a l  V on t h e  low mass range 
must   be  increased t o  scan   t he  same mass numbers common 
t o  both  ranges (10-50 amu).  However, t h e   l a r g e r  V 

r equ i r ed   fo r   each  mass M i n c r e a s e s   t h e   t r a n s v e r s e   i o n  
energy,  U , a l l o w a b l e   f o r  1 0 0 %  t ransmiss ion ,   accord ing  
t o  

Tmax 

= VAM/15M 
max 
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where AM i s  the   peak   wid th  a t  i t s  base. More ions 
are, t h e r e f o r e   a c c e p t a b l e   a n d   s e n s i t i v i t y   a n d / o r  
r e s o l u t i o n  are improved. 

Sens i t iv i ty   and/or   reso lu t ion   improvement   can   be  
expec ted   t o   con t inue  by f u r t h e r   i n c r e a s e s   i n   t h e  re- 
q u i r e d   r f   o p e r a t i n g   p o t e n t i a l ,   u n t i l   t h e   i o n s   w i t h   t h e  
l a r g e s t  UT are accommodated. 

max 
I n d i c a t i v e   o f  these h i g h e r   s e n s i t i v i t y   c a p a b i l i t i e s  

w i t h   l a r g e r  rf p o t e n t i a l s  are r e s u l t s   o b t a i n e d   w i t h  a 
fami ly  of n i t rogen   spec t r a   r eco rded  as a f u n c t i o n  of 
r e s o l u t i o n .  Here, AM/M w a s  v a r i e d ,   i n s t e a d   o f  V t o  
r e d u c e   t h e   r e s t r i c t i o n s  on U accord ing  t o  Eq. (7) . 
Spec t r a  were recorded as p rev ious ly ,   bu t   subsequen t .   t o  
achievement   of   otherwise optimum cond i t ions   ( excep t  
f o r   t h e  425 'C b a k e ) .   R e s u l t s   f o r   t h e  low mass range 
a r e  shown i n   F i g .  15 .  I t  can  be  seen t h a t  when 
r e s o l u t i o n  i s  degraded   j u s t   sho r t   o f   app rec i ab le   peak  
ove r l ap ,  N228 s e n s i t i v i t y   i n c r e a s e d  a f a c t o r   o f  more 
than  1 0 .  On the.medium mass range it inc reased  a 
f a c t o r  of 15. The .82  mA/Torr s e n s i t i v i t y   € o r   n i t r o g e n  
a t  .7 m u  peak   separa t ion   (wi th  1 0 %  v a l l e y )   t h e r e f o r e   m i g h t  
reasonably  be  expected  to   approach 1 0  mA/Torr w i th   equa l  
o r   b e t t e r   r e s o l u t i o n  by u t i l i z i n g   h i g h e r  rf p o t e n t i a l s ;  
increas ing   quadrupole   d imens ions ,   p r imar i ly  r o ,  would 
a l s o  assist s e n s i t i v i t y  improvement. 

Tmax 

Thus, i f  improved  quadrupole  design  allows  en- 
l a r g i n g   t h e   s o u r c e   e x i t   a p e r t u r e ,  a s t i l l  g r e a t e r  
f r a c t i o n  of t h e   s o u r c e ' s   i n t e r n a l   s e n s i t i v i t y   c a n   b e  
r e a l i z e d .  

62 



I 

2.; 

1. E 

.d 
C 
i 
i 

I 

Optimum 
Resol. 
3. O X ~ O - ~  
amps 
Full 
Scale 

a 

I 

Poorest 
Resol. 
3.0~10’~ 

Full 
Scale 

0 20 4 0  

Atomic  mass (amu) 

Figure 15.- Sensitivity vs. resolution- 
low  mass  range 



F i n a l l y ,  it is  n o t e d   t h a t  t w o  o ther   workers  
( r e f s .  4 ,  5 )  r epor t   t he   nea r ly   s imu l t aneous   deve lop -  

ment  of a CCIS/Quadrupole f o r   u s e   i n   p r e s s u r e   r e g i o n s  
above   Torr .   Al though  the i r   ins t rument  w a s  n o t  
in tended  for UHV use ,  it i s  noted  t h a t  t h e i r   r e s u l t s  
p a r a l l e l   t h e s e   r e s u l t s   q u i t e   c l o s e l y .  

The n e x t   s e c t i o n   o f   t h i s   r e p o r t  w i l l  d i s c u s s   t h e  
use  of ion   count ing   techniques   which .were   appl ied  t o  
t h e  CCIS/Quad i n   o r d e r  t o  improve S/N r a t i o  and t o  
f u r t h e r   i n c r e a s e   t h e   i n s t r u m e n t ' s   a b i l i t y   t o  detect 
extremely small p a r t i a l   p r e s s u r e s   u n d e r  UHV cond i t ions .  
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APPLICATION O F  COUNTING TECHNIQUES TO 
EXTREMELY LOW PRESSURE MEASUREMENTS 

In t roduc t ion  - Program  Objectives 

T h i s   s e c t i o n   o f   t h e   r e p o r t  w i l l  de sc r ibe  a previous ly  
unreported  program  conducted  under  contract  NAS1-5347, 
Task 8 .  The g e n e r a l   o b j e c t i v e  of t h i s  program i s  t o  
i n v e s t i g a t e   t h e   u s e  of i on   coun t ing   t echn iques   i n   t he  
measurement of extremely l o w  p re s su res .  The primary 
aim of t h e  i n v e s t i g a t i o n  i s  t o  Improve t h e   r e l i a b i l i t y  
of l o w  pressure  measurements by improvrng   the   overa l l  
s igna l - to-noise  IS/N) r a t i o  of b o t h   t o t a l  and p a r t i a l  
pressure  measuring  devrces.  A h igh   ga in ,  low n o i s e ,  
e l e c t r o n   m u l t i p l i e s  1 s  used i n   c o n j u n c t i o n   w i t h  
appropr i a t e   i on   coun t ing   c l r cu i t ry  t o  d i s e r i m l n a t e   a g a i n s t  
t he   undes i r ed   no i se ,  The cold-cathode  ion  source/quad- 
rupole  mass f i l t e r ,   deve loped   unde r   t he   p rev ious ly  
desc r ibed   con t r ac t  ( N A S 1 - 2 6 9 1 ,  Task 8 )  was employed as 
a p a r t i a l  and t o t a l   p r e s s u r e   m e a s u r i n g   d e v i c e   i n  
t h e s e   i n v e s t i g a t i o n s ,  The e l e c t r o n   m u l t i p l i e r  i s  
commercial ly   avai lable  as standard  equipment  of  the 
quadrupole   analyzer .  The o u t p u t   o f   t h e   m u l t i p l i e r  was 
r ead i ly   adap ted  t o  a commercial   pulse   count ing  instrument  
(nuc lea r  scaler)  . 

The performance  of  the  spectrometer  has  been  in- 
ves t iga t ed   u s ing   bo th  dc cur ren t   and   ion   count ing  
d e t e c t o r s  fo r  comparison  and f o r   o t h e r   e x p e r i m e n t a l  pur- 
poses t o  be desc r ibed  la ter .  The  work program,  which 
was l a rge ly   expe r imen ta l   i n   cha rac t e r ,   has   t he   fo l lowing  
s p e c i f i c   o b j e c t i v e s :  
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To eva lua te   expe r imen ta l ly   t he   i on   sou rce -  
e l e c t r o n   m u l t i p l i e r   s y s t e m ,  by measuring 

t h e  i o n   c u r r e n t   i n c i d e n t  upon the   ca thode  
and t h e   p u l s e   a r r i v a l  ra te  a t  the anode 
and t o   d e t e r m i n e   t h e   i o n   a c c e l e r a t i n g  
vo l t age   r equ i r ed  t o  o b t a i n  a secondary 
e l e c t r o n   y i e l d   o f  a t  l e a s t  one. 

To i n v e s t i g a t e  t h e  f e a s i b i l i t y  of 
a p p l y i n g   p u l s e   h e i g h t   a n a l y s i s   t e c h n i q u e s  
to   discr iminate   between  pulses   produced 
by ions  and  those  produced by photons 
o r   s o f t   x - r a y s .  

To  determine t h e  maximum p r e s s u r e   t h a t  may 
be measured   wi thout   sa tura t ing  e i ther  t h e  

e l e c t r o n   m u l t i p l i e r   o r   p u l s e - c o u n t i n g  c i r -  
c u i t .  

T o  determine t h e  ope ra t ing  characterist ics 
of t h e  ion   source  - mass f i l t e r  - p u l s e  
counting  system,  both as t o t a l  and p a r t i a l  
pressure  measuring  devices .  

To s tudy  t h e  performance of t h e  system 
under  extreme  high vacuum cond i t ions  
and t o   o b t a i n   c a l i b r a t i o n  data t o  as low 
a p res su re  as p o s s i b l e .  

T h i s  program,  then,   represents  t h e  l a s t  phase of an 
overal l   program  to   improve t h e  r e l i a b i l i t y  of extremely 
l o w  pressure   measurement   devices ,   par t icu lar ly  p a r t i a l  

pressure   ana lyzers .  T h i s  s e c t i o n  of the r e p o r t  w i l l ,  
t h e r e f o r e ,  stress the   e lements  of improvement t h a t  can be 

made i n   o b t a i n i n g  more r e l i a b l e   d e t e c t o r s  fo r  both t o t a l  
and p a r t i a l   p r e s s u r e  measurement.  Although the  CCIS/ 
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Quadrupole was s p e c i f i c a l l y   i n v e s t i g a t e d ,  it is  a n t i c i -  
p a t e d   t h a t   t h e  results o f   t h e s e   i n v e s t i g a t i o n s  are 
a p p l i c a b l e   t o   o t h e r   i n s t r u m e n t s   a n d  will a l s o   s e r v e  as 
g u i d e l i n e s   t o   f u t u r e   i m p r o v e m e n t s ,   p a r t i c u l a r l y   i n   t h e  
s e l e c t i o n  of e l e c t r o n   m u l t i p l i e r s  and i n   t h e   d e s i g n  of 
i o n   d e t e c t o r s .  

Ion  Counting  Techniques - General   Considerat ions 

Advantages. - The b a s i c   p a r t i a l   p r e s s u r e   s e n s i t i v i t y  
of modes t   reso lu t ion  (s 1 0 0 )  r e s i d u a l   g a s   a n a l y z e r s  
( R G A ' s )  lies i n   t h e   r a n g e  of 5 x t o  1 x amperes 
p e r   T o r r   f o r   n i t r o g e n  (mass 2 8 ) .  Wi thout   the   a id  of 
an   e l ec t ron   mu l t ip l i e r ,   such   i n s t rumen t s   a r e   l imi t ed  
t o   a n  u l t i m a t e  p a r t i a l   p r e s s u r e   d e t e c t a b i l i t y  i n  t h e  

realm of 2 x l o - ' '  t o  1 x lo-' Tor r ,   n i t rogen .  The 
e l e c t r o n   m u l t i p l i e r  becomes an  a b s o l u t e l y   e s s e n t i a l   p a r t  
of t h e  dc a n a l o g   i o n   d e t e c t o r ,  i f  improved s e n s i t i v i t y  
and S/N r a t i o  of t h e  ins t rument  are r equ i r ed .  

AM 

* 

I t  i s  g e n e r a l l y   r e c o g n i z e d   t h a t   t h e   s t a b i l i t y  of 
e l e c t r o n   m u l t i p l i e r s  i s  inadequa te   t o   p rov ide  re- 
p r o d u c i b l e ,   q u a n t i t a t i v e   d a t a   u n l e s s   f r e q u e n t   g a i n  
measurements are made. Manufacturers of commercial 
R G A ' s  r e p o r t   t h a t  a s h o r t - t e r m   r e d u c t i o n   i n   m u l t i p l i e r  
ga in  of a f a c t o r   o f   t e n   o r  more i s  t y p i c a l   i n i t i a l l y  
and  they recommend per iodic   gain  measurements  fo r  
g r e a t e r   r e l i a b i l i t y .  Such ins t ruments  are now designed 
t o   p r o v i d e  a s imple  and  expedient  means of r o u t i n e l y  
measur ing   the   ga in .   Spec ia l   connec t ions  are provided 

* 
This   assumes   tha t   the  minimum d e t e c t a b l e   i o n  

c u r r e n t  is 1 x 10 2 Y  amperes. 
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for   measur ing  the i o n   c u r r e n t  a t  t he  f i r s t  dynode  and 
f o r   m e a s u r i n g   t h e   e l e c t r o n   c u r r e n t   o u t p u t  of t h e  

m u l t i p l i e r .  The g a i n  i s  readi ly   measured   provided  
t h a t  t h e  first dynode c u r r e n t  i s  not  below the  d e t e c t -  
a b i l i t y  limits discussed  above.  I f  however, t he  RGA 

i s  o p e r a t i n g  a t  extremely low p r e s s u r e s ,  it i s  
imposs ib l e   t o   measu re  t h e  g a i n   o f   t h e   m u l t i p l i e r   a n d  
t h e r e f o r e ,  t h e  s e n s i t i v i t y  of the   spec t romete r   canno t  
be   measured   d i rec t ly .  

Ion   coun t ing   t echn iques   o f f e r  a p o s s i b l e   s o l u t i o n  
t o  t h i s  problem. A l l  measurements are made a t  t h e  
o u t p u t   o f   t h e   m u l t i p l i e r ,   t h e r e b y   a v o i d i n g  the  d i f f i c u l t i e s  
of measuring  very small c u r r e n t s  a t  t h e  i n p u t .  The 

measurement  involves  simply t h e  ou tpu t   coun t ing  ra te  
( ions/second)   and  the  output  dc e l e c t r o n   c u r r e n t .  

Assuming t h a t  t h e   d e t e c t o r   c o u n t s  a l l  i o n s   s t r i k i n g  
t h e  inpu t   o f  t h e  m u l t i p l i e r ,  t he  i n p u t   c u r r e n t  i s  
simply 

* 

Iin = e R  (8) 

where e = e l e c t r o n   c h a r g e  ( 1 . 6  x 1 0  coulombs)  and R 

is  t h e  measured  ion  count ing r a t e  i n   i o n s / s e c .   A p p r o p r i a t e  
co r rec t ion   mus t   be  made fo r   mu l t ip ly -cha rged   spec ie s .  
Fo r   s ing ly   cha rged   spec ie s ,   t he   ga in   fo r  a p a r t i c u l a r  
mass becomes 

-1  9 

Gm - - X  6 . 2 5  X 10 - I o  1 8  
R 

* 
This  assumption  can be tested as w i l l  be   d i scussed  

l a t e r  . 
6 8  



where I, is the output  electron  current in amperes. 
This  measurement  includes  the  gain-dependancy of the 
multiplier on the  ionic  mass  since I, will depend on 
mass . 

Although  ion  counting  techniques  offer  the 
important  advantage of gain  measurement at the  out- 
put, a  number of other  advantages  may  also  result 
therefrom.  These will be  only  briefly  described 
here, but will be  fully  amplified in later  sections, 

Depending on certain  noise  factors  largely 
determined by  the spectrometer's  ion sourcer it is 
possible to discriminate  against  a  substantial  portion 
of undesired  noise by means of simple  pulse  height 
discrimination.  The S / N  ratio  (compared  to  dc 
detectors)  can  be  improved by a  factor of 100 or more. 
The degree of improvement  depends on the  type  of ion 
source-analyzer  and on the  detector  design  and on 
electron multiplier characteristics. 

The present  work  indicates  that  with  the  very  high 
gain/low  noise  multipliers  recently  made  available, it 
is  possible  to  circumvent  nearly  all  gain  instability 
in the  multiplier  (both  short  and  long  term).  Thus 
the ion  counting  detector not only  can  reduce  the 
uncertainties in detector  gain,  but  shows  promise of 
ultimately  completely  eliminating  gain  dependance. 

In addition, the  use  of ion  counting  techniques 
eliminates  the  mass  and  charge  dependancy of the 
multiplier  since  the  detector  response is related  only 
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t o  t h e  number of even t s  and n o t  the m / e  r a t i o  of t h e  
ions  and t o  t h e i r   r e s p e c t i v e  momenta. While t h i s  

f a c t  does no t   pe rmi t  a direct  one- to-one   cor re la t ion  
between  observed  counting ra te  and p a r t i a l   p r e s s u r e ,  
it d o e s   e l i m i n a t e   t h e   d e t e c t o r  as a c o n t r i b u t o r  t o  
t h e  spectrometer's p a r t i a l   p r e s s u r e   r e s p o n s e  
c h a r a c t e r i s t i c s .  

F i n a l l y ,  t he  use  of   count ing  techniques  provides  a 
direct  o u t p u t  for  d i g i t a l   d a t a   a c q u i s i t i o n  and   ana lys i s  
using  computers,  which  have  proven t o  be v a l u a b l e   i n  
i n t e r p r e t i n g  complex spec t r a   and   i n   ana lyz ing   l a rge  
amounts of r e p e t i t i v e   d a t a .  

Disadvantages.  - The c o u n t i n g   r a t e  method  of  detecting 
ions   i nvo lves  t h e  use  of   complex  e lectronic   equipment  
as t h e  reader has probably  surmised. For i n s t a n c e ,  a 
p r e a m p l i f i e r ,  a non-overloading  amplififer  and  an  amplitude 
discr iminator   precede  the  count ing  equipment .   Automatic  
mass scanning  and data  acquis i t ion   and   record ing   equip-  
ment w i l l  obviously be more complex  than t h e  corresponding 
dc equipment. O f  c o u r s e ,   r a t e  meter c i r c u i t r y  may be 

used t o   s i m p l i f y  t h e  e s sen t i a l   equ ipmen t   w i th  some s a c r i f i c e  
in   accu racy .  For r o u t i n e   q u a l i t a t i v e   a n a l y s i s  of UHV 

c o n d i t i o n s ,  t h e  increased  complexi ty   and  expense  of   ful ly  
automated  systems i s  n o t   j u s t i f i a b l e .  For q u a n t i t a t i v e  
and re l iable  UHV measurements t h e  r e l a t i v e l y   s i m p l e  
e l e c t r o n i c s   u s e d   d u r i n g  t h i s  s tudy  may be employed  very 
e f f e c t i v e l y .  

Experimental  Apparatus  and  Methods 

Vacuum system. - The vacuum system  used i n   t h e  
experimental   phase of t h i s  program is  e s s e n t i a l l y   t h e  
same as t h e  system shown p r e v i o u s l y   i n   F i g .  3 .  The 
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system  and  associated t es t  equipment are shown i n   F i g .  1 6 .  
The  pumping s p e e d   i n   t h e  UHV sec t ion   o f   t he   sys t em w a s  
i n c r e a s e d  by s u b s t i t u t i n g  a 2 5  l i t e r / s e c o n d   i o n  pump 
f o r   t h e  11 l i t e r / s e c o n d  pump previously  used.  With 
t h e   i n c r e a s e d  pumping speed   the   u l t imate   sys tem  pressure  
i s  approximately 3-4  x 1 0  Tor r ,   n i t rogen .  The 
bakeab le   u l t r a -h igh  vacuum va lve  shown p rev ious ly  
between  the  upper  manifold  and  the  upper  ion pump 
was removed t o  improve  pumping speed. The UHV va lve  
between t h e  upper  and  lower  manifolds was not  changed. 
A por tab le   mechanica l  pump was s u b s t l t u t e d   f o r  t h e  

zeo l i t e   rough ing  pumps, wi thout   no t iceable   change   in  
system  performance. The rough pump i s  u s e d  o n l y   f o r  
s h o r t   p e r i o d s   d u r i n g   i n i t i a l   s y s t e m   e v a c u a t i o n .  Bake- 
ou t   p rocedures   a r e  as descr ibed  i n  t he   p rev ious  con- 
t r a c t   r e p o r t .  

- '1 2 

Cold ~ -~ _. cathode -. . i o n  .. source/quadrupole.  - The C C I S /  

Quad d.escribed I n  a p r e v i o u s   s e c t i o n   o f   t h i s   r e p o r t  was 
modified by t h e  a d d i t i o n   o f  a 1 4  stage  focused  dynode 
(Be-Cu) e l e c t r o n   m u l t i p l i e r ,   p u r c h a s e d  from U l t e k  

Corpora t ion ,   Pa lo   Al to ,  California,, I t  does  not   have 
provis i .ons   for   measurement   o f   f i r s t   dynode   cur ren t   and  
t h e r e f o r e ,   c e r t a i n   l i m i t a t i o n s  were imposed  on  ex- 
perimental  methods  which w i l l  b e   e x p l a i n e d   i n  l a te r  sec- 
t i o n s .  The m u l t i p l l e r s   s u p p l i e d   w i t h   l a t e r   m o d e l s  of 
the   equipment   do   p rovide   for   the   f i r s t   dynode   cur ren t  
measurement.   This  modification i s  p a r t i c u l a r l y   h e l p f u l  
i n  ce r t a in  e x p e r i m e n t a l   s t u d i e s .  

* 

* 
See s e c t i o n   e n t i t l e d ,  "Development of t h e  CCIS/ 

Quad Mass Spectrometer" .  
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Figure 16.-  Photograph of t es t  equipment 



The cold  cathode  ion  source/quadrupole  is i d e n t i c a l  
i n  c o n s t r u c t i o n   t o   t h e   i n s t r u m e n t   d e s c r i b e d   i n   p r e v i o u s  
s e c t i o n s  of t h i s   r e p o r t .  The quadrupole   analyzer  i s  
a modified  Ultek  Quad 2 0 0  as desc r ibed   p rev ious ly .  
With t h e   e x c e p t i o n   o f   t h e   a d d i t i o n  of t h e   e l e c t r o n  
mul t ip l ie r ,   the   quadrupole   has   no t   been   modi f ied .  
Another   sec t ion  of t h i s   r e p o r t   d e s c r i b e s   i n  de ta i l ,  
the   cons t ruc t ion   of   the   co ld   ca thode   ion   source   and  
i t s  a d a p t a t i o n  t o  t h e  quadrupole.  

E l e c t r o n i c s   f o r   i o n   c o u n t i n g .  - Figure  1 7  i s  a 
block  diagram  of  the  equipment  used  during  the  ion- 
coun t ing   s tud ie s .   In   gene ra l ,   t he   equ ipmen t  i s  a s imple 
in te r -connec t ion   of  power s u p p l i e s   f o r   o p e r a t i o n  of t h e  

C C I S ,  t o g e t h e r  w i t h  t he   quadrupo le   e l ec t ron ic s   conso le .  
A sweep v o l t a g e  was derived  from t h e  quadrupole elec- 
t r o n i c s  t o  provide   the   x -ax is  (mass s c a l e )  on -&he X-Y 

r eco rde r .  A n  e l ec t rome te r  w a s  employed t o  detect  and 
r e c o r d   t h e   i o n   c u r r e n t s   a t   v a r i o u s  mass  peaks  and t o  
m e a s u r e   e l e c t r o n   m u l t i p l i e r   g a i n .  

__ - - - ." - 

Counting data was taken w i t h  t h e  s imple   conf igura t ion  
of   s tandard  nuclear   scal ing  equipment  shown. The l i n e a r  
p u l s e   h e i g h t  discriminator inc luded   in   the   non-over loading  
p u l s e   a m p l i f i e r  wag u s e d   t o   o b t a i n   i n t e g r a l   p u l s e   h e i g h t  
d i s t r i b u t i o n   d a t a   f o r   s i g n a l   a n d   n o i s e   a n d   t o   a l s o   d i s -  
c r i m i n a t e   a g a i n s t   n o i s e .  

The counting  equipment used has  a r e l a t i v e l y  low 
frequency  response of 1 0 0  kHz. With f a s t e r   c o u n t i n g  
equipment   the  range  of   count ing rates can   ea s i ly   be  
ex tended   t o   t he   o rde r   o f  1 0  mHz.  The l i m i t a t i o n  of 
t h e   p r e s e n t   e q u i p m e n t   t o g e t h e r   w i t h   o t h e r   e l e c t r o n i c  
cons ide ra t ions   such  as r e s o l u t i o n  loss e t c . ,  w i l l  be 
d i s c u s s e d   s h o r t l y .  
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While the   exper imenta l   se t -up  i s  q u i t e   u n s o p h i s t i c a t e d ,  
it has   been   found  qu i te   adequate   in   ob ta in ing  a w i d e  
va r i e ty   o f   expe r imen ta l   i n fo rma t ion  re levant  t o  the   p rope r  
e v a l u a t i o n  of ion  count ing  detect ion  methods.  

Experimental   Resul ts  

Pre l iminary  " - " ." ~ ~~ DC S/N r a t i o   s t u d i e s .  - I t  has  been  noted 
i n   p r e v i o u s   s e c t i o n s   t h a t   t h e   i o n   d e t e c t o r  w a s  a s imple 
Fa raday   cup .   In   o rde r   t o   ob ta in   su f f i c i en t   cha rge  
g a i n   f o r   i o n   c o u n t i n g ,  a 1 4 - s t a g e   e l e c t r o n   m u l t i p l i e r  
w a s  i n s t a l l e d  a t  t he   beg inn ing   o f   t he   p re sen t   con t r ac t  
work. I n i t i a l   s t u d i e s   o f  S/N r a t i o  were begun on a dc  
bas i s ,  i . e . ,  t he   ou tpu t  of t h e   e l e c t r o n   m u l t i p l i e r  w a s  
measured by an   e lec t rometer .  

These ear ly  s tudies   uncovered  two sources   o f   no ise  
in   the   ou tput   spec t rum  not   p rev ious ly   encountered .  A t  

t h e  anode   vo l t age   p rev ious ly   found   t o   y i e ld  optimum 
s e n s i t i v i t y  and   r e so lu t ion  ( 2 2 0 0  V) , a n o t i c e a b l e  dc 

base l ine   cur ren t   be tween mass peaks w a s  observed.  This 
n o i s e   c u r r e n t  w a s  approximately 1 0  amperes  with 
2900V o n   t h e   m u l t i p l i e r .  The l a r g e s t  mass peak (mass 28)  

w a s  1 .5  x lo-' amperes. The system t o t a l  p r e s s u r e  w a s  
n e a r l y  4 x l o - ' '  T o r r   ( n i t r o g e n ) .   T h i s   b a s e l i n e   c u r r e n t  
was not   independent   of  mass, bu t   decreased  as t h e  
sweep inc reased  over t h e  30 t o  55 amu range.  Subsequent 
expe r imen t s   demons t r a t ed   t ha t   t h i s   dec l ine   i n   base l ine  
w i t h   i n c r e a s i n g  mass w a s  simply  due t o  t h e   r e c t i f i c a t i o n  
of s t r a y   q u a d r u p o l e   r - f   f i e l d s  by t h e  electrometer. 
Accord ingly ,   the   sh ie ld ing   of  a l l  l e a d s  a t  the   connec tor  
end  of   the  quadrupole   housing w a s  improved  and t h i s  
problem  quickly  disappeared.  The b a s e l i n e   c u r r e n t  a t  
l o w  mass numbers   remained   essent ia l ly   the  same. Fur the r  
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i n v e s t i g a t i o n   e s t a b l i s h e d   t h a t   t h e  C C I S  w a s  t h e   p r e -  
dominant   source  of   this   background  noise   and  the  noise  
c u r r e n t  w a s  n e a r l y   l i n e a r l y   r e l a t e d   t o   t h e   a n o d e   p o t e n t i a l  
o f   t he  C C I S .  F ig .   18  shows how t h e   s i g n a l  a t  mass 28, 

n o i s e  a t  mass 50  (taken  where  no  peaks were obse rved) ,  
and S / N  r a t io   va ry   w i th   anode   vo l t age .  The S/N appears  
t o  b e   l a r g e s t   a t   t h e  minimum value  of   anode  vol tage 
i n v e s t i g a t e d .  

I n  a n   e f f o r t  t o  uncover   the   cause   o f   th i s   no ise  
a number o f   p o t e n t i a l   n o i s e   s o u r c e s  were considered  and 
i n v e s t i g a t e d .  Among t h e s e  w a s  t h e   s t r o n g   e l e c t r o n   f l u x  
which was discovered  emerging  from t h e  ion   sou rce  
d u r i n g   e a r l i e r   f e a s i b i l i t y   s t u d i e s .   P h o t o n s  are a l s o  
known t o  be  produced  within t h e  d i s c h a r g e   ( r e f .  6 ) .  
Accordingly,   an  experiment w a s  performed t o   d e f i n e  
whe the r   o r   no t   t he   no i se   sou rce  was predominantly  photons 
o r   c h a r g e d   p a r t i c l e s .  

I t  w i l l  be r e c a l l e d   t h a t   t h e  two ion   source   ca thodes  
(K1 and K2) are e l e c t r i c a l l y   i s o l a t e d  from the  grounded 
e n t r a n c e   a p e r t u r e  of the  quadrupole .   This   permits   the 
r e t a r d a t i o n  of i o n s   p r i o r   t o   t h e i r   e n t r a n c e   i n t o   t h e  
quadrupole.  I t  has  been shown i n   t h e   p r e c e d i n g   d i s -  
cuss ion  on the  development   of   the  CCIS/Quad, t h a t   s u c h  
r e t a r d a t i o n  i s  necessa ry   t o   ach ieve  optimum quadrupole 
r e s o l u t i o n .  The e f f e c t  of t h e   r e t a r d a t i o n   p o t e n t i a l  on 
the  dc  noise   background  current  i s  shown i n   F i g .  1 9 .  

A s  t he   va lue  of t h e  r e t a r d a t i o n   p o t e n t i a l  (V,) 
was increased   f rom  zero   to  250  v o l t s ,   t h e   i o n   c u r r e n t  
of a l l  mass p e a k s ,   i n c l u d i n g   t h e   " o n   b l a s t "  ( a l l  i o n s  
unresolved a t M / e  = 0 ) ,  decreased as a n t i c i p a t e d .  The 
b a s e l i n e   n o i s e   c u r r e n t  however i n c r e a s e d .   F o r   t h i s  
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experiment ,  a n e g a t i v e   r e t a r d i n g   v o l t a g e  w a s  a p p l i e d  
s i m u l t a n e o u s l y   t o   t h e  two CCIS cathodes (K1 and K2) 
so t h a t   t h e   p o t e n t i a l   b e t w e e n   t h e   e x i t   c a t h o d e ,  K2 
and  quadrupole   entrance  aper ture   (grounded)  i s  a re- 
t a r d i n g   p o t e n t i a l   f o r   i o n s .  A t  t h e  same time, t h e   t r u e  
anode- to-ca thode   po ten t ia l   o f   the  CCIS i s  inc reased  
by an amount e q u a l   t o  VR, and   t he re fo re   t he   no i se  
c u r r e n t   a l s o   i n c r e a s e s ,   a s  shown i n   t h e   p r e v i o u s  
f igure.   Subsequent   experiments  were conducted  using 
b o t h   p o s i t i v e  and nega t ive   va lues  of VR i n   t h e   r a n g e  
of 0 t o  500 v o l t s .  The t rue   anode- to-ca thode   vo l tage  
was he ld   cons t an t .   I n  these experiments ,  no apprec i ab le  
change i n  t h e  base l ine   no i se   va lue  w a s  observed   for  
e i t h e r   p o s i t i v e   o r   n e g a t i v e   v a l u e s   o f  V R' 

S i n c e   t h e   n o i s e   l e v e l  w a s  not   observed  to   change 
i n   r e s p o n s e   t o  a wide r a n g e   o f   e x t e r n a l   f i e l d s  which are 
b o t h   r e t a r d i n g  and a c c e l e r a t i n g   p o t e n t i . a l s   f o r   c h a r g e d  
p a r t i c l e s ,  it i s  conc luded   t ha t   t he   no i se   sou rce  i s  
largely  photons  produced w i t h i n  t h e  i on   sou rce   p rope r .  
These  photons  then are t r a n s m i t t e d   a l o n g   t h e   a x i s  of 
t he   quadrupo le   and   subsequen t ly   s t imu la t e   t he   f i r s t  
dynode of t h e   m u l t i p l i e r .  

An a t t empt  was made to   reduce  the  photon  background 
wi th in   the   source   based  upon a very  simple  assumption. 
I t  was p o s t u l a t e d   t h a t   s o f t   x - r a y s   m i g h t  be produced 
by e n e r g e t i c   e l e c t r o n s   w i t h i n   t h e   d i s c h a r g e .   T h e s e  
e l e c t r o n s ,  upon s t r ik ing   t he   b lun t   end   o f   t he   ca thode  
s t u b ,  would  produce  x-ray  photons  visible  from  the 
m u l t i p l i e r   e n d  of t h e   a n a l y z e r ,  since the  end of t h e  
s t u b   f i l l s   t h e   m a j o r   p o r t i o n   o f   t h e   c a t h o d e   e x i t  
a p e r t u r e   a s   s e e n  by the   mu l t ip l i e r .   Consequen t ly ,  

7 9  

I 



t h e   s t u b   o f  K1 was removed  and r ep laced  by a t h i n -  
walled tube  of the same diamter   and  length as t h e  
s t u b .   I n   t h i s   c o n f i g u r a t i o n   t h e   m u l t i p l i e r  "sees" 
only  t h e  small annulus   of  the s t u b  area. I n  the 
re su l t an t   expe r imen t ,   t he   ope ra t ing   and  vacuum 
condi t ions   qo ted   in   the   p rev ious   g raph  were maintained 
as n e a r l y  as  p o s s i b l e .  The r e s u l t s  are shown i n  
F ig .  2 0 .  T h i s   f i g u r e  shows the   observed   base l ine   cur -  
r e n t  i s  no   longer   d i scernable  ( <  l x 1 0  amperes) , 
under   condi t ions similar t o   t h o s e   o f   t h e   s o l i d   s t u b .  
Moreover, there is  n o   a p p a r e n t   i n c r e a s e   i n   t h i s  
background as t h e  t rue   anode   vo l t age  i s  inc reased  
(VR i n c r e a s i n g ) .  I t  w i l l  be shown la te r  t h a t  a l though 
t h e  background  has  been  noticeably  reduced, it i s  s t i l l  
observable .  

-14 

Our p r e s e n t   s p e c u l a t i o n  i s  t h a t   t h e   p h o t o n s  are n o t  
so f t   x - r ays   r e su l t i ng   f rom  e l ec t ron   impac t s   bu t  are 
p r o b a b l y   i d e n t i c a l   t o  t h e  photons  observed  and  photo- 
graphed by Feak'es e t  a l .  ( ref .  6 ) .  Perhaps,  by 
m o d i f y i n g   t h e   c a t h o d e   s t u b ,   t h e   v i s i b l e   c a t h o d e  glow 
i s  prevented   f rom  es tab l i sh ing   i t se l f   a round  the   end   of  
the s tub  and t h e  r e s u l t a n t   l i g h t   s u r r o u n d s   o n l y   t h e   o u t e r  
su r f ace   o f   t he   t ubu la r   s tub .  Only a small p o r t i o n   o f  
t h i s  glow  would be v i s i b l e   t o  t h e  m u l t i p l i e r   b e c a u s e  the 

d i ame te r   o f   t he   t ubu la r   s tub   and   i on   ex i t   ape r tu re  are 
n e a r l y   i d e n t i c a l .   D e s p i t e   t h e s e   p r e s e n t   c o n j e c t u r e s ,  
t h e  reduct ion  in   background dc n o i s e  i s  apparent .  

W i t h  t h e s e   i n v e s t i g a t i o n s  the pre l iminary   dc  S/N 
r a t i o   s t u d i e s  were concluded. The u n i t  was then  set  up 
f o r   i o n   c o u n t i n g   s t u d i e s   i n   a c c o r d a n c e   w i t h   t h e   b l o c k  
diagram shown i n   F i g .  1 7 .  
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Ion  Count ing  Studies  - Pre l iminary   Discuss ions  

B e f o r e   d e s c r i b i n g   t h e   e x p e r i m e n t a l   r e s u l t s  of t h e   i o n  
c o u n t i n g   s t u d i e s ,  a more d e t a i l e d   d e s c r i p t i o n   o f  t h e  i o n  
coun t ing   e l ec t ron ic   equ ipmen t  w i l l  be given.  These d i s -  

cuss ions  w i l l  s e r v e   t o   a c q u a i n t  t h e  r e a d e r  w i t h  g e n e r a l  
and s p e c i f i c  de ta i l s  of the  equipment  and  methods  used i n  
t he   expe r imen ta l   p rog ram.   In   add i t ion ,  i t  i s  o u r   i n t e n t  
t o  emphasize how c e r t a i n   d a t a  w i l l  re la te  t o   t h e   o v e r -  
a l l  program  goals of improving S / N  r a t i o  and   i nc reas ing  
t h e  r e l i a b i l i t y  of measurement. 

E l e c t r o n .  - - The b a s i c   e l e c t r o n i c   e l e m e n t  
r e q u i r e d   f o r   i o n   c o u n t i n g  i s  t h e   e l e c t r o n   m u l t i p l i e r .  
T h i s  device ,  when combined w i t h  a photo-sens i t ive   ca thode  
( p h o t o - m u l t i p l i e r )   h a s   s e e n   w i d e s p r e a d   a p p l i c a t i o n   i n  
t h e  nuc lea r   i n s t rumen ta t ion   and   i n   o the r   r e l a t ed   pho ton  
coun t ing   app l i ca t ions  ( re f .  7 ) .  F o r   t h e   p r e s e n t   a p p l i c a t i o n  
however ,on lY   the   e l ec t ron   mu l t ip l i e r   s ec t ion  i s  used. 
While t h e   p r o b l e m s   a s s o c i a t e d   w i t h   e l e c t r o n   m u l t i p l i e r s  
a r e  many and   var ied ,  t h e  genera l   advantages   o f   very  
l a rge   cha rge   ga in  ( l o 5  t o  l o 8 )  and  very wide bandwidth 
(dc t o  1 0 0  mHz)  make t h e  device p a r t i c u l a r l y   a t t r a c t i v e  
for p a r t i c l e   d e t e c t i o n .  The u s e   o f   m u l t i p l i e r s  as i o n  
d e t e c t o r s  i s  by no means new ( r e f .  8 1 ,  nor  i s  i t s  
a p p l i c a t i o n   t o  mass spec t romet ry   ( r e f s .  9 ,  1 0 ,  11). 
More r e c e n t l y   t h e   e l e c t r o n   m u l t i p l i e r   h a s   b e e n   u t i l i z e d  
i n  UHV r e s i d u a l  gas a n a l y z e r s   a s  a high-gain,  dc i o n  
cu r ren t   de t ec to r   i n   commerc ia l  vacuum ins t ruments  ( re f .  12). 

Mult ip l ie r   p roblems.  - - For UHV ion-count ing  techniques,  
however, two problem areas (common t o  a l l  m u l t i p l i e r s )  
are most   no tewor thy .   F i r s t ,   the   charge   ga in  of t h e  
m u l t i p l i e r   v a r i e s  randomly  with t i m e  f o r  any i o n  which 
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produces  one  or  more  secondary  electrons at the input 
(first  dynode).  Accordingly,  the  short-term  burst 
(nano-seconds)  of  electrons  produced at the  ouput  for 
each  indident ion, contains  a  widely  variant  number  of 
electrons.  The  small  voltage  pulse,  produced  as  these 
electrons  charge  the  output  capacity  of  the  multiplier 
and  decay  through  the  output  resistance,  varies  consid- 
erably in pulse  amplitude.  The  distribution  of  these 
small  pulse  amplitudes is roughly  that  of  a  Poisson  dis- 
tribution  (ref. 13). The  pulse  amplitude  of 99% of  the 
pulses  extends  over  approximately  two  orders  of  magnitude. 
For  small  output  capcities  of  the  order  of  farads 
and  relatively  low-gain  multipliers (lo5), the  average 
voltage  pulse  produces  per  ion  is  typically  only  a few 
millivolts in amplitude.  Further  voltage  gain  is  there- 
fore  required  as  with a separate  pulse  amplifier. 

The  second  most  important  problem  in  multipliers is 
the fact  that  their  average  gain  varies by large  amounts 
as  a  function of  many  uncontrollable  factors  such  as 
contamination of dynode  surfaces by residual  gases  and 
debris  and  by  certain  fatigue  effects  in  the  secondary 
emission  process. Thus, not  only  axe  the  ion  pulse  heights 
widely  variable  due  to  statistical  problems  but  they  also 
vary  due  to  environmental  conditions.  The  auxiliary  pulse 
amplifier,  therefore  must  be  prepared to  amplify a  very 
wide  range  of  small  pulses,  without  over-loading  on  the 
largest  pulses,  and  thereby  producing  spurious  counts. At 
the  same  time it must  also  be  capable of amplifying  the 
large  number of small  pulses.  Accordingly,  the  configuration 
of counting  electronics  used  for  ion  counting  studies  must 
be  assembled  with  some  care. 
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Ion  counting  electronics. - In the present  experimental 
arrangement, the output  of the  multiplier is fed  into  a 
small  emitter-follower  preamplifier  shown  schematically 
in Fig. 21 to  close-couple  the  non-overloading  pulse 
amplifier/discriminator  to  the  CCIS/Quad. A short  length 
of coaxial  cable ( 3  inches)  couples  the  input of the  pre- 
amplifier  to  the  multiplier in order  to  minimize  cable 
capacity. The R-C  time constant of the  preamplifier  was 
chosen  to  be  near lo-’ seconds,  since  the  frequency 
response of the  amplifier  is  approximately 200 KHz. Time 
constants in excess  of  seconds  would  result in 
partial  integration  of  the  pulses at high  counting  rates. 
The RC  time  constant  of  the  ion  pulses  measured  at  the 
emitter  follower  preamplifier  output is <5 1-I sets. 

The pulse  output  of  the  preamplifier is then  fed 
into  a  non-overloading  amplifier  equipped  with  a  single 
level  amplitude  discriminator  whose  selection  level  may 
be  varied in a  linear  manner. The ion  pulses  with 
amplitude  greater  than  the  discriminator level, trigger 
a  Schmidt  trigger  circuit  which  presents  large  pulses 
of uniform  amplitude  to  the  scaler  for  counting.  Although 
the  scaler  also  includes a discriminator, it was not 
varied  once it was  Zemonstrated  that  all  the  Schmidt 
trigger  pulses  were  large  enough  to  exceed  the  highest 
discriminator  setting  of  the  scaler. The scaler  has  a 
resolving  time of approximately 5 Psecs.  When  the 
counting  rate  exceeds  approximately 7 x lo4 ions/sec., 
the  scaler  begins  to  miss  some of the  pulses. This 
phenomenon,  known  as  resolution loss, is predictable  for 
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Figure  21 .  -Preampl i f ie r   Ci rcu i t   Schemat ic  
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randomly  spaced  pulses.  The observed  and  t rue  count ing 
rates are r e l a t e d   t o   t h e  scaler r e s o l v i n g  time as shown 
i n  t h e  fo l lowing   equat ion:  

* 

R O  % = i " 7  0 

where RT i s  the t r u e   c o u n t i n g  
served  ra te  and 'r = r e s o l v i n g  

r a t e  and Ro  i s  t h e  ob- 
time e x p r e s s e d   i n   t h e  same 

t i m e  u n i t s  as R and RT. In   one   exper iment ,   the  
r e s o l u t i o n   l o s s  was measured by comparing  the dc 

cu r ren t   r e sponse  and pulse   response .  I t  was found t h a t  

t he   pu l se   r e sponse  w a s  dec reas ing  w i t h  r e s p e c t   t o   t h e  
dc   cu r ren t   r e sponse  by an  amount p r e d i c t e d  by the rela- 
t ion   above .  Thus it i s  seen  tha t  t h e  count ing  method 
i s  u l t i m a t e l y  limited. i n   a b i l i t y   t o  measure  increasingly 
l a r g e r   p a r t i a l   p r e s s u r e s  by t h e  speed of response  of t h e  

e l e c t r o n i c s .  With h igh   speed   counters ,  the  upper l i m i t  
o f   coun t ing   r a t e  i s  e s t i m a t e d   t o  be approximately 
7 x 1 0 5  i ons / sec   o r  1.1 x 10 amperes. I t  should 
be recalled t h a t  t h e  l a t t e r   f i g u r e s   r e p r e s e n t   i n p u t  
c u r r e n t   t o  t h e  m u l t i p l i e r ,   n o t   o u t p u t   c u r r e n t .   T h e r e -  
f o r e ,  i f  the  ana lyzer  has t h e   r e l a t i v e l y  low s e n s i t i v i t y  
of 1 x amps /Tor r ,   t he   pa r t i a l   p re s su re   ( fo r   n i t rogen)  
would  be of t h e  o r d e r  of Tor r  a t  t h i s  maximum rate.  
Thus w e  see tha t   the   count ing   spec t rometer   should   be   ab le  
t o   d e t e c t   p a r t i a l   p r e s s u r e s  w e l l  above  the UHV r eg ion  
w i t h  h igh   speed   e l ec t ron ic s .  

0 

- 1 2  

The nan-overloading  pulse  arrtplifier/discriminator 
deserves   addi t iona l   ment ion .  The l i n e a r   p u l s e   h e i g h t  

* 
T h i s   r e l a t i o n s h i p   a p p l i e s  only t o   nonpa ra lyzeab le  

counters .  See Evans, R .D. ,  "The  Atomic  Nucleusllr 
M c G r a w - H i l l  Book Co., N e w  York, 1955, pp. 786-787. 
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d i s c r i m i n a t o r   b u i l t   i n t o   t h e   n o n - o v e r l o a d i n g   a m p l i f i e r  was 
u t i l i z e d   i n   l i e u   o f  a mul t i -channel   pu lse   he ight   ana lyzer  
i n  certain i o n   d e t e c t i o n   e f f i c i e n c y ,   p u l s e   h e i g h t   a n a l y s i s  
and S/N r a t i o   e x p e r i m e n t s .  The d a t a   r e s u l t i n g   f r o m  
p l o t t i n g   i o n   c o u n t i n g  ra te  v s .   d i s c r i m i n a t o r   s e t t i n g  is 
i n   e f f e c t  a p u l s e   h e i g h t   d i s t r i b u t i o n   c u r v e   d i s p l a y e d   i n  
a n   i n t e g r a l ,   r a t h e r   t h a n   d i f f e r e n t i a l   f o r m .   S i n c e   t h e  
l i t e r a t u r e  ( ref .  141 u s u a l l y   p r e s e n t s   d a t a   i n  t h e  l a t t e r  
form, a b r i e f   i n t r o d u c t i o n  w i l l  be p r e s e n t e d   h e r e i n ,   t o  
assist  t h e   r e a d e r   i n  the  in t e rp re t a t ion   o f   subsequen t   da t a  
and t o  show how such  data   has  a d i r e c t   b e a r i n g  on basic 
p r o j e c t   g o a l s .  

Re la t ion  - ._, -~ . of   exper imenta l  . method? t o  prqgram  goals.  - 
Figure  2 2  s e r v e s  t o  i l l u s t r a t e   t h e  form i n  which pu l se  
h e i g h t   d i s t r i b u t i o n   d a t a  w i l l  subsequently  be shown. The 
spectrometer  has  been  manually s e t  t o  a t y p i c a l  mass peak 
and i s  o p e r a t i n g  i n  t he  ion count ing mode. Count ing   ra te  
d a t a  is  then  taken as a func t lon  of t h e  l i n e a r   p u l s e   h e i g h t  
d i s c r i m i n a t o r  s e t t i n g .  A t  e a c h   s e t t i n g ,   t h e   c o u n t e r  re- 
sponds t o   p u l s e s   l a r g e r   t h a n  a c e r t a i n   a m p l i t u d e ,  s e t  
by t h e  d i s c r i m i n a t o r   c h a r a c t e r i s t i c s .  I f  t h e   d a t a  i s  
c a r r i e d   t o   t h e   p o i n t  where   t he   d i sc r imina to r   f i na l ly  
rejects t h e   l a r g e s t   i o n   p u l s e   a m p l i t u d e ,   t h e   r e s u l t i n g  
informat ion  i s  e s s e n t i a l l y   t h e   i n t e g r a l   o f   t h e   p u l s e  

* 

* 
Actua l ly   t he   r e su l t i ng   d i s t r ibu t ion   cu rve   a l so   depends  

v e r y   s l i g h t l y   o n   t h e  statistics of secondary   e lec t ron   pro-  
duc t ion  at t h e   f i r s t  dynode of t h e   m u l t i p l i e r .  I n  general., 
however t h i s   c o n v e r s i o n   e f f i c i e n c y   d i s p e r s i o n   r e p r e s e n t s  
a small f a c t o r  i n  t h e   d i s t r i b u t i o n  of p u l s e   h e i g h t s ,  since 
t h e  number of   secondary  e lectrons  produced  per   ion  does  not  
vary  over  two o r  more orders  of  magnitude as does  the ran- 
dome g a i n   o f   m u l t i p l i e r .  
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h e i g h t   d i s t r i b u t i o n   c u r v e   o f   t h e   e l e c t r o n   m u l t i p l i e r .  I n  
t h e   i l l u s t r a t i v e   e x a m p l e  shown i n   t h i s   f i g u r e  , t h e   i n -  
t e g r a t i o n  w a s  s topped when approximately  95%  of  the  ions 
were less than  the d i s c r i m i n a t o r   t r i g g e r i n g  level. 

This  type o f   d i s t r i b u t i o n   c u r v e   h a s   c e r t a i n   a n a l y t i c a l  
advantages  over the d i f f e r e n t i a l   d i s t r i b u t i o n  curve. For  
in s t ance ,  a t  " z e r o "   d i s c r i m i n a t o r   l e v e l ,  it is obv ious   t ha t  
a l l   i o n   p u l s e s   a r e   b e i n g   c o u n t e d .   F u r t h e r m o r e ,   t h e  S/N 

is immediately  obtainable a t  any   g iven   no ise   l eve l .  I n  
th i s   example ,  a S/N r a t io   o f   6500 : l  is noted a t  t h e  1 0  cpm 
n o i s e   l e v e l .  Also, one  can  immediately  determine a 
"coun t ing   e f f i c i ency"   (obse rved   coun t ing   r a t e / coun t  ra te  
f o r  a l l  ions x 1 0 0 % )  a t  any   g iven   no i se   l eve l   t o   eva lua te  
t h e   p e r c e n t a g e   o f   i o n s   l o s t  by d i s c r i m i n a t i n g   a g a i n s t   n o i s e .  
I n   o u r   i l l u s t r a t i v e   e x a m p l e ,   f o r   i n s t a n c e ,  the  ion   count ing  
e f f i c i e n c y  a t  1 0  cpm n o i s e   l e v e l  is: 

E =  
6.5 x lo4 x 

i 1.5  x POS 

= 4 3 %  

As n o t e d   p r e v i o u s l y ,   e l e c t r o n   m u l t i p l i e r s  are in- 
h e r e n t l y   u n s t a b l e  devices. As t he i r  ga in   changes ,   the  
p o s i t i o n   o f  the d i s c r i m i n a t o r   l e v e l   e s s e n t i a l l y   s h i f t s   w i t h  
r e s p e c t   t o  t he  p u l s e   h e i g h t   d i s t r i b u t i o n   c u r v e  as i n d i c a t e d  
by the  arrows on e i t h e r  side of the d o t t e d   l i n e  marked 
" o p e r a t i n g   s e t t i n g " .  The s e n s i t i v i t y  w i l l ,  t h e r e f o r e  , change 
i n  an unknown manner. The i n t e g r a l   d i s t r i b u t i o n   d a t a ,  
t h e r e f o r e ,  shows immediately how severe  t h e  e f f e c t  on 
s e n s i t i v i t y  w i l l  be of a small ampli tude  (gain)   change.   In  
t h e   i l l u s t r a t i v e   e x a m p l e ,  t h i s  e f fec t  i s  more pronounced a t  
l a r g e   d i s c r i m i n a t o r   l e v e l s  (Power n o i s e   l e v e l s ) .  I f  t h e  
sys tem  ga in   (mul t ip l ie r   and   ampl i f ie r )   d rops   be low a 
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cr i t ica l  va lue ,  a l l  ions w i l l  not   be   counted a t  z e r o   d i s -  
c r i m i n a t o r   s e t t i n g   a n d   t h e   i n t e g r a l   d i s t r i b u t i o n  w i l l  n o t  
s a t u r a t e   n e a r   t h i s   z e r o   p o i n t .   T h i s  is t h e  case wi th   r ega rd  
t o   t h e   n o i s e   d i s t r i b u t i o n   c u r v e .   A l t h o u g h   t h e   i l l u s t r a t i v e  
d i s t r ibu t ion   cu rve   does   no t   r ep resen t   i dea l   pe r fo rmance ,  it 
d o e s   s e r v e   t o   i l l u s t r a t e  t he  goa ls   o f  t he  proper   use   o f   ion  
counting,  which are : 

(1) T o  count  a l l  a v a i l a b l e   i o n s   r e g a r d l e s s  
of mass a t  some p r e s c r i b e d  minimum value  
o f   o v e r a l l   g a i n .  

( 2 )  T o  produce t h e  maximum poss ib le   ampl i tude  
difference  between  ion  and  noise   pulse  
h e i g h t   d i s t r i b u t i o n   c u r v e s .  

( 3 )  To reduce the  noise   background  to   an  
abso lu te  minimum. 

On t h e   b a s i s   o f  these c r i te r ia ,  we see t h a t   t h e  
i l l u s t r a t i v e   d a t a   r e p r e s e n t s  a r a t h e r   n o n - i d e a l   d e t e c t o r  
i n  t h a t   o p e r a t i o n   o f  t h e  d i s c r i m i n a t o r  a t  va lues  > 2 w i l l  
r e s u l t   i n   d i s c r i m i n a t i o n   a g a i n s t   i o n s .  T h i s  s i g n i f i e s  a 
l a c k   o f   s u f f i c i e n t   g a i n   i n  t he  d e t e c t o r   ( m u l t i p l i e r ) .   I n  
o r d e r   t o   c o u n t  a l l  i ons ,   t he   d i sc r imina to r   l eve l   mus t   be  
r educed   t o  a p o i n t  where   excess ive   no ise   resu l t s .   Thus ,  
our  example,   cannot meet the  three c r i t e r i a  s imultaneously.  

F i n a l l y ,  it should be borne   in  mind t h a t  t h e   p r e s e n t  
work is i n v e s t i g a t o r y   i n   n a t u r e   a n d   t h e r e f o r e ,   p r e l i m i n a r y  
in  scope.  Major  improvements i n  S /N r a t i o  and s t a b i l i t y  
appear   probable   with bet ter  m u l t i p l i e r s  and   de tec tor   des ign .  
Our conclus ions  w i l l  s u p p o r t   t h i s  f ac t .  

I n  summary, we have shown t h a t   t h e   i n t e g r a l   p u l s e   h e i g h t  
d i s t r i b u t i o n  data ,  l ends  i t se l f  t o   q u i c k   a n a l y s i s  and t h a t  
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p r o j e c t   g o a l s   o f   h i g h   c o u n t i n g   e f f i c i e n c y ,  minimum dependance 
o n   m u l t i p l i e r   s t a b i l i t y  and  improved S/N r a t i o  are a l l  
r e a d i l y   a p p a r e n t   i n  this form of d a t a   p r e s e n t a t i o n .  We 

s h a l l   d i s c u s s   t h e   i o n   c o u n t i n g   e x p e r i m e n t a l   r e s u l t s   n e x t .  

Ion  Count ing  Experimental   Resul ts  

I n i t i a l   i n v e s t i g a t i o n s .  - The i n i t i a l   p h a s e  of the   i on  
c o u n t i n g   i n v e s t i g a t i o n s   c e n t e r e d   o n  a s tudy  of s i g n a l  and 
n o i s e   p u l s e   h e i g h t   d i s t r i b u t i o n   c u r v e s  of t h e   i n t e g r a l   t y p e  
expla ined  i n  the   p rev ious   sec t ion .   Dur ing   these   exper iments ,  
t h e  C C I S  anode  voltage w a s  maintained a t  va lues  of 1 0 0 0  
v o l t s  or less. I t  w i l l  be r e c a l l e d   t h a t   t h e   d c   d a t a   i n -  
d i c a t e d  t h a t  t h e  optimum S/N r a t i o  w a s  ob ta ined  a t  very 
low  anode v o l t a g e s ;  500-600 v o l t s .  The ca thode   s tub  of K1 
w a s  s o l i d ,  w i t h  a rounded t i p   a s   n o t e d   p r e v i o u s l y .   T h i s  
w a s  l a te r  removed  and   the   tubular   s tub   subs t i tu ted .  A 

magnet of 850 gauss was used,  and the mass s p e c t r a   o f   t h e  
sys t em  r e s idua l   gases  were used for s tudy   purposes .   Typica l ly ,  
t h e   u l t i m a t e   s y s t e m   t o t a l   p r e s s u r e  was i n  t he  low Torr  
(n i t rogen)   r ange ,   un le s s   i nd ica t ed   o the rwise .  The predominant 
r e s i d u a l   g a s e s   p r e s e n t  w e r e  Hz, CO, and C 0 2  wi th  smaller 
amounts of H e ,  CHL, (methance series) , neon  and  argon. N o  

r e s i d u a l   c o n s t i t u e n t s  were observed  above mass 4 4  (C02)  and 
therefore ,   noise   measurements  were made a t  mass 5 0 .  The 
e l e c t r o n   m u l t i p l i e r  w a s  ope ra t ed   nea r  -2700 v o l t s ,  a va lue  
s l i g h t l y  less than   t he  recommended one  of -3000 v o l t s   ( w i t h  
r e s p e c t   t o   g r o u n d ) .  The non-overloading  amplif ier   gain 
c o n t r o l s  were set  a r b i t r a r i l y   t o   p r o d u c e   i o n   c o u n t i n g  rates 
of t h e   o r d e r   o f  lo4 t o  l o s  counts   per   minute   for   the   a rgon  
(mass 4 0 )  peak. 
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The ma jo r   pu rpose   o f   t hese   ea r ly   i nves t iga t ions  was 
t o   l e a r n  more of t h e   p u l s e   h e i g h t   d i s t r i b u t i o n  char- 
acter is t ics  of s igna l   ( i on )   and   no i se   pu l se s .   I f   t he  
two d i s t r i b u t i o n   c u r v e s  are e s s e n t i a l l y  t h e  same 
f u n c t i o n  w i t h  t h e  same average   pu lse   ampl i tude ,   d i s -  
c r i m i n a t i o n   a g a i n s t   n o i s e  on an   ampl i tude   bas i s  would 
be   imposs ib le   wi thout   incur r ing  a similar d i s c r i m i n a t i o n  
a g a i n s t   s i g n a l   p u l s e s .   B r i e f l y   t h e n ,   t h e  S/N r a t i o  
would be independent of d i s c r i m i n a t o r   s e t t i n g .  On t h e  
other   hand,  i f  t he   ave rage   s igna l   pu l se   ampl i tude  i s  
l a rge r   t han   t he   ave rage   no i se   pu l se ,  some amplitude 
d i s c r i m i n a t i o n  i s  p o s s i b l e ,  I t  i s  assumed i n  t h i s  case 
t h a t  t h e  d i s t r i b u t i o n   c u r v e s  of s i g n a l  and  noise are 
similar. F i n a l l y ,   i f   t h e   a v e r a g e   p u l s e   h e i g h t s   o f  
s igna l   and   no i se  i s  s i g n i f i c a n t l y   d i f f e r e n t   ( s i g n a l >  
n o i s e )  - a n d   t h e   d i s t r i b u t i o n   o f   n o i s e   p u l s e   h e i g h t s  is 
n a r r o w e r   t h a n   t h e   s i g n a l   d i s t r i b u t i o n ,  the S/N r a t i o  
w i l l  i n c r e a s e  as t h e  d i s c r i m i n a t o r   a m p l i t u d e   l e v e l  
i s  increased .  

A secondary  purpose of these e a r l y   i n v e s t i g a t i o n s  
w a s  t o   l e a r n  more of  t h e  p u l s e  characterist ics o f   no i se  
i n  the  CCIS/Quad and i t s  a s s o c i a t e d   e l e c t r o n i c s ,   s i n c e   t h e  
d c   i n v e s t i g a t i o n s   i n d i c a t e d   t h a t  a photon  background 
c u r r e n t ,   p r e s e n t   w i t h i n  the ion   source  was be ing   de t ec t ed  
by t h e   e l e c t r o n   m u l t i p l i e r .   A c c o r d i n g l y ,   t h e   s i g n a l  
a n d   n o i s e   p u l s e   h e i g h t   d i s t r i b u t i o n s  were examined 
as a f u n c t i o n  of the  i o n   r e t a r d i n g   p o t e n t i a l ,  VR. 
Figure  23 shows t h e   r e s u l t s  of t h e s e   i n v e s t i g a t i o n s .  
The p u l s e   h e i g h t   d i s t r i b u t i o n   d a t a  i s  p r e s e n t e d   i n   t h e  
i n t e g r a l   f o r m ,  as e x p l a i n e d   i n  the p r e v i o u s   s e c t i o n .  
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Genera l ly  s p e a k i n g ,   t h e   i n t e g r a l   p u l s e   h e i g h t   d i s -  

t r i b u t i o n   c u r v e s  shown i n   t h i s   f i g u r e  are encouraging. I t  

is  n o t e d   t h a t  as t h e   d i s c r i m i n a t o r  is s e t  t o   t r i g g e r   t h e  
coun te r   on   i nc reas ing ly   l a rge r   pu l se s ,   t he  S /N r a t i o   s t e a d i l y  
i n c r e a s e s L  A t  very low d i s c r i m i n a t o r   l e v e l s ,   t h e   p r e -  
dominant  pulses are no i se .   Neg lec t ing   t h i s   ve ry   h igh   no i se  
l e v e l   f o r   t h e  moment, w e  n o t i c e   t h a t   t h e   d i s t r i b u t i o n   o f  
Ar' i ons   ex t ends   . t o   pu l se   ampl i tudes   l a rge r   t han   t he  
co r re spond ing   no i se   pu l se   ampl i tudes ,   a l t hough   t he   t o t a l  
number of no i se   pu l se s   p re sen t   exceed   t he  number o f   s i g n a l  
p u l s e s  by a s i g n i f i c a n t  amount ,   This   then,   suggests   that  
t h e   n o i s e   p u l s e   h i e g h t   d i s t r i b u t i o n  i s  more narrow  than 
t h e   d i s t r i b u t i o n  of Ar ions,   which is a very   necessary  
cond i t ions   fo r   ampl i tude   d l sc r imina t ion   aga ins t   t he   no i se .  

+ 

The impor t an t   q -ues t ion   t ha t  arises i s  how l a r g e  is 
the   d i f fe rence   be tween  the   average   no ise   pu lse   he ight   and  
the   average   ion   pu lse   he ight?   Unfor tuna te ly ,   th i s   da ta  i s  
not   capable  of g i v i n g  u s  the  answer to t h i s   ques t ion ,   be -  
c a u s e   t h e   t r u e   i o n   s o u r c e   n o i s e   d i s t r i b u t i o n  i s  n o t   a c t u a l l y  
shown i n  this f i g u r e .  I t  'was l a t e r   d i s c o v e r e d  t h a t  t h e  
noise   be ing   recorded   in   the   reg ion  of the  lowest   discr imina-  
t o r   d i a l   s e t t i n g s  was, i n   r e a l i t y ,   s t r a y   q u a d r u p o l e  R.F. 
be ing   f ed   back   t o   t he   pu l se   coun t ing   e l ec t ron ic s   t h rough  
ac power l ines .   S ince   the   quadrupole  sweep gene ra to r  was 
s e t  t o   d e t e c t  mass 5 0 ,  t h e  R . F c  p o t e n t i a l  on  the  quadrupole 
was n e a r l y  maximum for   the   chosen  mass range  ( low).  The 
peak  value of R . F .  was therefore   approaching  1 0 0 0  v o l t s .  
T h i s   s i t u a t i o n  was l a t e r   c o r r e c t e d  by i n s e r t i n g  an R.F. 
f i l t e r   i n t o  t h e  a c  power l lne   supply ing   the   count ing   equip-  
ment. Since  the  quest ion of t h e   r e l a t i v e   d i f f e r e n c e s  i n  
s i g n a l  and noise   pu lse   ampl i tude  is  of  primary  concern it 
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w i l l  be   d i scussed   in   subsequent   sec t ions   where in   meaningfu l  
d a t a  can be   p resented .  

R e t u r n i n g   t o   o u r   d i s c u s s i o n   o f   F i g .  23 we see t h a t   t h e  
r e t a r d i n g   v o l t a g e  VR has   not iceably  reduced  the  ion  count ing 
rate as was an t i c ipa t ed ,   bu t   has   had  l i t t l e  e f f e c t   o n   t h e  
n o i s e   i n   t h e   r e g i o n   o f   t h e   l a r g e r   n o i s e   p u l s e s :   F u r t h e r -  
more, t h e   p u l s e   h e i g h t   d i s t r i b u t i o n   o f   i o n   p u l s e s   h a s   n o t  
b e e n   a f f e c t e d   s i g n i f i c a n t l y  a s  was an t ic ipa ted . .  

Thus it i s  seen  from  Fig.  23 t h a t  a d i f f e r e n c e   i n  
no i se   and   s igna l   pu l se   ampl i tudes   ex i s t s ,   a l t hough   t he  
information is p r e s e n t l y   o n l y   q u a l i t a t i v e .  Also, t h e   d a t a  
p r o v i d e s   a d d i t i o n a l   e v i d e n c e   t h a t   t h e   n o i s e  i s  probably 
photons   wi th in  the  C C I S .  Our n e x t   d i s c u s s i o n s  w i l l  t he re -  
fo re   desc r ibe   t he   expe r imen t s  which were undertaken t o  
de te rmine   t he   e f f ec t   o f   t he  C C I S  operat ing  parameters   on 
the  S / N  r a t i o  and p u l s e   h e i g h t   d i s t r i b u t i o n   c u r v e s   w i t h  
the  a i m  of  maximizing t h e  counting  performance  of  the  en- 
t ire ins t rument  . 

vs, C C I S  opera t ing   parameters .  - The C C I S  

has   four   opera t ing   parameters   which   a f fec t   the   ins t rument  
S / N  ra t io .   These   parameters   a re :  

(1) Ion  Retardat ion  Voltage 

( 2 )  Anode Voltage 

( 3 )  Magnet ic   Field 

1 4 )  Tota l   Pressure   wi th in   the   Ion   Source .  

The e f f ec t   o f   each   o f   t hese   va r i ab le s   on  S/N r a t i o   h a s   b e e n  
s tud ied   i nd iv idua l ly   and   i n   combina t ion   w i th  one  another 
a n d   t h e   r e s u l t s  are descr ibed   in   the   fo l lowing   paragraphs .  
The o p e r a t i o n   o f   t h e   m u l t i p l i e r  w i l l  be  considered 
s e p a r a t e l y   i n  a l a t e r  s e c t i o n .  
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Counting S/N r a t i o   v s .   i o n   r e t a r d a t i o n   v o l t a g e :  I t  

has  been shown t h a t   t h e   d c  and  count ing  noise  level  i s  
independen t   o f   t he   i on   r e t a rda t ion   vo l t age ,  The s i g n a l  
i s ,  however, d i r ec t ly   dependen t   t he reon .  

I n  a p rev ious   s ec t ion  of t h i s   r e p o r t   d e s c r i b i n g  
the  performance of t h e  CCIS/Quad, it w a s  n o t e d   t h a t  t h e  

r e t a r d i n g   p o t e n t i a l ,  VR, has   an   impor tan t   bear ing  on 
t h e   r e s o l u t i o n   a n d   s e n s i t i v i t y   o f   t h e   i n s t r u m e n t   u n d e r  
UHV cond i t ions .   Fo r   i n s t ance ,  a t  t h e   a n o d e   p o t e n t i a l   f o r  
o p t i m a l   s e n s i t i v i t y  and   r e so lu t ion  (VA = 2200 v o l t s ) ,  
t h e   v a l u e   o f  VR was s p e c i f i e d  as -300 v o l t s .  The p r e s e n t  
work i n d i c a t e s   t h a t  t h e  anode   vo l tage   for   op t imal  S/N 
r a t i o  i s  n e a r e r   t o  500 v o l t s .   R e f e r r i n g   a g a i n   t o   F i g .  1 8 ,  
w e  no te  t h a t  i f   t h e  anode  vol tage i s  reduced  from 2200V 
t o  500V, t h e   s e n s i t i v i t y   o f  the  in s t rumen t  w i l l  be 

reduced by a f a c t o r  of seven.  Obviously,  the r educ t ion  
i n   s e n s i t i v i t y  accompanying  these low anode   po ten t i a l s  
fnust   be   careful ly   weighed  against  t h e  improvement i n  
S / N  r a t i o .  I t  i s . a l s o   t o  be n o t e d   i n   F i g -  1 8  t h a t   t h e  
r e t a r d a t i o n   v o l t a g e  was zero. I f  V i s  a r b i t r a r i l y  se t  
t o   t h e  -300 volt f i g u r e   s p e c i f i e d   i n   t h e   o r i g i n a l  C C I S /  

Quad i n v e s t l g a t i o n s   t h e   s e n s i t i v i t y  would decrease  even 
f u r t h e r .   I n  f ac t ,  a s  shown by Fig .  2 4 ,  t h e  s e n s i t i v i t y  
f o r  Hydrogen  (and o t h e r  masses) w i l l  d r o p   t o   z e r o   f o r  
values   of  VR > -100  v o l t s .   T h e r e f o r e ,  t h e  s e l e c t i o n  
of   op t imal   va lues  of VR and VA w i l l  n e c e s s a r i l y   i n v o l v e  
ce r t a in   t r ade -o f f s   be tween   s ens i t i v i ty   and  S/N r a t i o .  
I n   a t t e m p t i n g   t o  make t h e  optimum t r a d e - o f f ,  w e  w i l l  
f i r s t   c o n s i d e r  t h e  r e l a t i v e   e f f e c t s  of VR and VA on t h e  
s e n s i t i v i t y .   R e f e r r i n g   a g a i n   t o  Fig.  1 9 ,  w e  n o t e   t h a t  

R 
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S/N ratio and  sensitivity  have  changed  only  slightly as VR 
was  increased  from 0 to -100 volts;  the loss in  sensitivity 
and S / N  ratio  obviously  becomes  more  pronounced  as VR is 
increased. 

In contrast,  the  influence  of Vk on  sensitivity at low 
anode  voltages (50017) is very  pronounced  for  relatively  small 
changes  in VR. Note  that  in  Fig. 24 the  ions  are cut off 
for  VR = -100 volts.  Therefore  for  each  anode  voltage 
there  exists  a  range of values  of  VR'which  do not alter  the 
sensitivity  or S/N ratio  appreciably.  Conversely,  there  are 
values of VR (not  zero)  which will  make  the S/N ratio  de- 
crease  rapidly  with  decreasing  anode  voltage.  For  example, 
if VR = -100 (as in  Fig. 2 4 1 ,  the  ion  beam  will  cut-off 
when VA reaches 500 volts. Therefore,  the  effect of VR on 
S/N ratio  is  also  related to the  anode  voltage  which  will  be 
discussed  next. 

Counting S/N ratio vs. ande voltage: Figure 25 shows 
how  the  counting S/N ratio  varies  with  anode  voltage (VA) 
for  a  non-zero  value  of VR (-100 volts). A distinct  maximum 
is  observed  in  the S/'N ratio  due  to  the  combined  effects  of 
V and  VA. The signal  counting  rate and S/N ratio  decrease 
very  rapidly  for  anode  voltages c1000 volts  because  the 
chosen  value of VR (-100 volts)  accentuates  the  decline in 
sensitivity  due  to  the  reatarding  process.  Above 1800 volts, 
the  sensitivity of the  source  begins  to  saturate,  whereas 
photon  noise  is  still  increasing  rapidly.  Thus,  we  see 
that  when  the  combined  effects of both VR and VA are  ex- 
amined  that  the  counting S / N  ratio  appears  to be maximum 
at a  considerably  higher  anode  potential  and  a  higher 
sensitivity  than  shown  in  Fig. 18. 

L 

R 
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Figure  26 shows a spectrum  taken  with  the  anode 
vo l t age  set a t  1000 vo l t s   and  500 v o l t s .  The 
cor responding   re ta rd ing   vo l tages   a re  -100 v o l t s  
and -50 v o l t s ,   r e s p e c t i v e l y .  The latter va lue  was 
chosen   ( r a the r   t han   ze ro )   t o   suppres s   t he   "on -b la s t "  
a t  "zero"  mass .   This   improves  the  resolut ion  of  
H and H2 i ons .  + 4- 

We a l s o   n o t e   i n   F i g .  26 t h a t   t h e   d c   s e n s i t i v i t y  
for  1 0 0 0  v o l t s  is  approximately a f a c t o r   o f   f i v e   b e t t e r  
t h a n   f o r   t h e  500 v o l t   p o t e n t i a l .  The c o u n t i n g   s e n s i t i v i t y  
(from  Fig.   25)  increased  ten-fold  from 500 t o  1 0 0 0  v o l t s  

because   the  -100 v o l t   v a l u e   o f  V r e t a r d s  more i o n s   a t  
the  lower  values   of   anode  vol tage  than  does  the -50 
v o l t   v a l u e   u s e d   i n  F i g .  26; i . e . ,  t h e   d c   s e n s i t i v i t y  
d i f f e r e n c e  of Fig.  26 would  have  been l a r g e r  i f  t h e  
-100 volt r e t a rd ing   vo l t age   had   been   u sed   i n   bo th  
spectra .   Thus,   the   higher   anode  vol tage (1000 v o l t s )  
y i e l d s  a C o n s i d e r a b l y   l a r g e r   s e n s i t i v i t y  on both   the  
count ing rate and   dc   bas i s .  

R 

I n  Fig.  26 the count ing rates for   the   major   peaks  
are noted a t   t h e   t o p  of each  peak. The n o i s e   a t  "mass 
5 $I1 i s  also noted  and i n  this example,   the two no i se  
rates were purpose ly   ad jus ted   to   the  same value  by t h e  
d i sc r imina to r .   The re fo re ,   t he   peak   coun t ing   r a t e s  of the 
major   cons t i t uen t s  may be  compared a t  t h e  same no i se  
l e v e l   ( a b o u t  18  cpm).  This  comparison shows t h a t   t h e  
i n c r e a s e   i n   s e n s i t i v i t y   a t  a c o n s t a n t   n o i s e   l e v e l  i s  
much more modest  (approximately 5 0 %  i n c r e a s e   a t  1 0 0 0  
v o l t s ) .   A g a i n ,   t h e   r e t a r d i n g   v o l t a g e  i s  the  reason.  I f  

LOO 
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W e  no te  first t h a t   t h e   p u l s e   h e i g h t   d i s t r i b u t i o n  
curves   for   the   no ise   pu lses ,   have   been  altered wi th  
r e s p e c t   t o   t h e   a v e r a g e   p u l s e   h e i g h t .  The 850 gauss  
magnet c l e a r l y   i n c r e a s e s  t h e  average   no ise   pu lse  
h e i g h t  by n e a r l y  a f a c t o r  of two. We a l s o   n o t e  
t h a t   a n   i n c r e a s e   I n   t o t a l   n o i s e   a t   z e r o   d i s c r i m i n a t o r  
l e v e l   h a s   o c c u r r e d   i n   t h e  case of t h e  lower magnetic 
f i e l d .  For ion   pu lses ,   however ,  t h e  i n c r e a s e   i n   c o u n t i n g  
ra te  i s  only  about  10%. I t  i s ,  t h e r e f o r e ,   i n f e r r e d  

x- 

f rom  these   observa t ions   [ increased   pu lse   he ight   and  
i n c r e a s e d   n o i s e   l e v e l )   t h a t  a cor responding   increase  
i n   g a i n   h a s   o c c u r r e d  as a consequence  of  reducing t h e  

s t r a y   m a g n e t i c   f i e l d   a t  t h e  m u l t i p l i e r .   F u r t h e r  
examination of t h e  d a t a   a l s o  shows t h a t  a reduced 
m a g n e t i c   f i e l d   r e s u l t s  i n  a not iceable   b roadening   of  t h e  
d i s t r i b u t i o n   c u r v e s  of both  noise   and  s ignal .   For   example,  
i f  t h e  1133 gauss   s igna l  and n o i s e   d i s t r i b u t i o n  were 
merely  displaced by some g a i n   f a c t o r  G ,  t h e n   s h i f t i n g   t h e s e  
curves t o  t h e   r i g h t  !shown by d o t t e d   l i n e s )   s h o u l d  r e s u l t  
i n  a reasonable   matching of t h e  850 and  1133  gauss  curves. 
Obviously, t h i s  w i l l  not   happen.   Therefore ,  t h e  o v e r a l l  
m u l t i p l i e r   g a i n  and p u l s e   d i s t r i b u t i o n   h a s   b e e n   a l t e r e d  
and t h e  p u l s e   h e i g h t s  have been   increased   to   inc lude  much 
l a r g e r   v a l u e s .  

* 
Comparing d i s c r i m i n a t o r   s e t t i n g s  where 9 0 %  of   t he  

n o i s e   p u l s e s   p r e s e n t  a t  t h e  ze ro   d i sc r imina to r   l eve l   have  
been rejected. 
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If we now examine  the  data  from  the  standpoint of S/N 
, 

ratio  we  find  that at zero  discrimination  level  the S/N 

ratio is 2.5 times  better  with  the  1133  than  the 850 gauss 
magnet.  However, at a  discriminator  value of 70 ,  the 850 

gauss S/N ratio is exactly  the  same  value  as  that  of  the 
stronger  magnet  at  a  discriminator  value  of 30. Therefore, 
discriminator  settings  can  be  found  in  which  the S/N ratios 
are  the  same  for  either  magnetic  field. 

Of greater  significance,  however,  is  the  question  of 
ion  counting  efficiency  and  maximum  desired  noise  level. 
Assume  for  a  moment  that  the  maximum  desired  noise  level 
is 60 counts  per  minute (1 count/sec.). We  now ask what 
will  be  the  counting  efficiency  for  each  magnetic  field at 
the  prescribed  noise  limit  of 60 counts  per  minute  (cpm). 
We  note  in  the  case  of  the 850 gauss  ion  distribution  curve 
that at zero  discrimination  level  the  slope  of  the  ion 
distribution  curve  is  very  nearly  zero.  Furthermore,  the 
reduction in stray  field  has  only  increase  the  total 
number  of  ions by 10%. For discussion  purposes,  we 
assume  that  the  total number.of ions  available at the first 
dynode  is  nearly  53,000  cpm.  Later  discussion  will  describe 
means by which  the  total  number  of  ions  available may be 
determined.  If  the  number  of  ions  available  represents 
a  rate  of 5.3 x l o 4  cpm,  then  for  the  1133  gauss  field 
the  counting  efficiency  is: 

E i 
I = 45.4% @ 1 cps  noise (12) 
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As noted  previously,  it  is  possible  to  determine 
the  gain  of  the  multiplier  from  measurements  at  the 
output.  Figures 27 and 28 display  the  information 
required  and  the  criteria  to  be  met.  Referring  again 
to  equation ( 9 )  we  note  that  the  only  two  pieces  of 
experimental  information  required  are (1) the  output 
current  measured at the  multiplier  electron  collector 
and (2) the  total  counting  rate (R) for - all  ions  of 
the  selected  mass  arriving  at  the  input  to  the  multiplier. 
The  output  current (I,) is  the  current  displayed  for 
any  mass  peak in Fig. 28. The  input  ion  arrival  rate 
R, is the  zero  discriminator  level  counting  rate 
assuming,  of  course, it has  been  shown  for  each mass 
that R includes  all  ions  of  the  desired  mass.  In  Fig. 
27 the  pulse  height  distribution  curve  for  mass 28 is 
seen  to  saturate  at  the  zero  discriminator  setting. 
If we assume  that  this  condition  signifies  the  collection 
of  all  ions*  we  may  now  calculate  the  multiplier  gain 
for  mass 28 from  the  combined  data  in  Figs. 27 and 28. 
From Fig. 28  (850 gauss  spectrum),  the  peak  current 
I, at mass 28 - 5.8 x 3 x  amperes  or 1.74 x 
amperes.  The  input  rate  of  all  mass 28 ions  from 
Fig. 27 (at  zero  discrimination) - 5.37 x 104/60  or 
8.95 x lo2 ions  per  second.  The  gain  of  the  multiplier 
is therefore,  from Eq. 9, 

* 
This  is not entirely  correct  as will be  explained 

during  subsequent  discussions. 
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- 1.74 x 1O-I' x 
Gm - 8 . 9 5  x lo2 6.25 x 10l8 

Mass 28 with 850 gauss 

Similarly,  the  gain for  any  mass  peak  may  be  calculated  if 
it can  be  shown  that  all  ions  of  the  given  mass  are  being 
counted.  The  method  of  proving  this  will  be  discussed 
shortly . 

Although  these  discussions  have  shown  that  the  stray 
magnetic  field  associated  with  the  stronger  magnet  does 
affect  multiplier  gain,  the S/N ratio  for  the  same  value 
of  noise (1 cps)  and  the  counting  efficiency  are  not 
significantly  changed.  Therefore,  the  stronger  magnet 
was  used  during  all  subsequent  investigations,  for  reasons 
which  will  be  explained  in  connection  with  the  calibration 
of  the  instrument. 

Counting  performance  vs.  total  pressure:  The  last 
remaining  source  parameter to influence  ion  counting  per- 
formance  is  the  pressure of gas  within  the  ion  source.  This 
discussion  will  be  confined  to  such  factors  as S/N ratio vs. 
pressure,  ultimate  counting rate, maximum S / N ,  etc. Dis- 
cussions  relating  to  the  instrument  calibration  for 
various  gases  will be  described in  another  section  en- 
titled "UHV Calibration of CCIS/Quad". 

It has  already  been  noted  that  the  background  photon 
noise  in  the  ion  source is dependant on the  total 
"pressure"  within  the  ion  source.  Actually,  the  in- 

* 

- 
* 
The word  "pressure"  is  used at this  point  to  simplify 

the  discussions  to  follow. 
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t e n s i t y   o f  t he  photon  emission i s  related t o  t he  t o t a l  
i o n i z a t i o n   o c c u r r i n g   w i t h i n  t h e  d i scha rge .  T h i s ,  i n  
t u r n ,  i s  r e l a t e d  t o  t h e  number. d e n s i t y  of each s p e c i e s  
p r e s e n t  and t o  t h e  i o n i z a t i o n   e f f i c i e n c y  of each 
s p e c i e s .  I t  i s  p a r t i c u l a r l y   i m p o r t a n t  t o  reca l l  
t h e s e  facts i n   t h e   c a s e  of o u r   p r e s e n t   d i s c u s s i o n s ,  
because i f  t he   r e l a t ive   abundance   o f  t h e  species   change 
as t h e   t o t a l   p r e s s u r e   c h a n g e s ,   t h e  effect  on   the   no ise  
l e v e l  w i l l  be   two-fold;   the   noise  w i l l  be dependant  on 
b o t h   t o t a l   p r e s s u r e   a n d  on t h e  s p e c i e s .  To i n v e s t i g a t e  
the re la t ionship   be tween  photon   no ise  ra te  and  source 
pressure ,   an   exper iment  was planned which would re la te  
t h e   n o i s e  ra te  t o   t h e   i o n   c u r r e n t   m e a s u r e d  a t  cathode 
K1 ( 1 ~ ~ ) .  T h i s  c u r r e n t  i s  related t o  the  ion   product ion  
ra te  w i t h i n   t h e   d i s c h a r g e .  However, d i f f i c u l t i e s  were 
encountered   in   the   form of an  excess ive   l eakage   cu r ren t  
a t  t h e  K1 t e r m i n a l .   T h i s   c u r r e n t  w a s  l a r g e r   t h a n  t h e  
corresponding IK c u r r e n t s  a t  t he  lowes t   p ressures   used  
i n   t h e   i n v e s t i g a t i o n  ( 3  x 1 0  Torr1 As t h e   p r e s s u r e  
was inc reased   w i th in  t h e  i o n   s o u r c e ,  IK g r a d u a l l y  
became l a r g e  enough t o  measure but a t  tAis p o i n t ,   t h e  
photon  counting ra te  became too   l a rge   t o   measu re   on   t he  
counting  equipment. 

1 -12 

Figure 29 shows how t h e  s i g n a l  (mass 28) and  noise  
count ing rates v a r y   i n   t h e  UHV r e g i o n   a s  a func t ion   of  
p re s su re .  The p re s su re   r ead ings  were observed  on the 
MBAG s i n c e  IK w a s  not  measureable as explained  above. 

1 

1 1 0  



I 

106 

E io5 a 
V 
I 

Q3 
cv 
m 
m 

2 
10 

VA = lOOOV B = 1133  Gauss 

VR = -lOOV  Resol. = 5.05 

Coarse 32, Vm = - 3.0 kV 

Fine 48 Disc, = 45 

103 
1 

t 1 

10 

10 

10 

I I I I I 1 1 1  " I I I I I I l l  10 
10- 10-I 0-12 
-~ 

4 

3 

0 

Pressure - Torr  (N2) 

Fig. 29 Signal & Noise vs .  Pressure- 

111 



Actua l ly  t h i s  in format ion  i s  of l imited value  because 
of  the  experimental   problems  noted  above. The n o i s e  
c o u n t i n g   r a t e  i s  s e e n   t o   i n c r e a s e   a s  t h e  t o t a l   p r e s s u r e  
i n c r e a s e s   b u t   n o t   a t   t h e  direct  r a t e   a n t i c i p a t e d .  The 
informat ion  i s  shown s imply   t o   demons t r a t e   t ha t   t he   no i se  
rate is  pressure   dependant .  

A n o t h e r   q u e s t i o n   a r i s e s   r e g a r d i n g   t h e   e f f e c t   o f  
p r e s s u r e  on S/N r a t i o ,  Assuming tha t   on ly   one   gas  
c o n s t i t u e n t  w a s  p r e s e n t   w i t h i n  t h e  ion ize r ,   wha t  
would be t h e  effect  on SIN r a t i o ?  Under t h e s e  cir-  
cumstances t h e  SIN r a t i o   s h o u l d   b e  a maximum, s i n c e  
no  other   peaks would be p r e s e n t  t o  c o n t r i b u t e   t o  the 

n o i s e .  

F igure  30 d i sp l ays   an   a t t empt  t o  answer t h e  ques t ion .  
Although  mass 2 (HZ) and a few smal l   peaks   a re   observed ,  
the  predominate   peaks  are  mass 2 8  (N2'> and mass 1 4  (N ) . 
The o b s e r v e d   c o u n t i n g   r a t e s   f o r  these peaks are shown 
t o g e t h e r   w i t h   t h e   o b s e r v e d   n o i s e   a t  mass 5 2" The 
count ing ra te  at mass 28 i s  n o t e d   f o r  two d i f f e r e n t  
d i s c r i m i n a t o r   s e t t i n g s .  The f i g u r e   o u t s i d e   t h e   p a r e n t h e s i s  
i s  f o r  t h e  n o r m a l   d i s c r i m i n a t o r   s e t t i n g   w h i l e  t h e  number 
w i t h i n  t h e  p a r e n t h e s i s  PS t h e  count ing   ra te   observed  a t  
z e r o   d i s c r i m i n a t o r   s e t t i n g .  The l a t t e r  va lue   cor responds  
t o  a c o u n t i n g   e f f i c i e n c y  of l o o % ,  hence the  r a t i o  of t h e s e  
numbers w i l l  y i e l d  t h e  c o u n t i n g   e f f i c i e n c y   a t  t h e  d i s -  
c r imina to r   l eve l   u sed   du r ing  t h e  'test. 

+ 
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The observed  noise  rate a t  mass 5 i s  35.7 cpm. 1 

The  background  counting ra te  w i t h   t h e  C C I S  t u rned   o f f  i s  
4 cpm. Therefore ,   the   ion   source   no ise  rate i s  
approximately 32 cpm. The mass 28 peak shows 6.5 x l o s  
cpm f o r   t h e  ion  c o u n t i n g   r a t e   a t  a n i t r o g e n   t r u e   p r e s s u r e  
of 5.3 x 10 Torr .  The observed S/N for this " s ing le"  
(neglec t ing   smal le r   peaks)   spec ies   condi t ion  i s  t h e r e f o r e ,  

-1 1 

'IN = 3.2 x 10 
6.5 X 1 0 5  

The c o u n t i n g   e f f i c i e n c y   f o r   t h e  mass 28 peak i s ,  

E =  
6.5 X 105 x 

i 1.15 x lo6 

= 56.5% (16) 

The s e n s i t i v i t y  f o r  t h e  mass 28 peak ( a t   t h i s   p r e s s u r e )  

i s ,  

= 1 .22  x 10l6 cpm/Torr, N, (17) 

The g a i n   o f   t h e   m u l t i p l i e r  may a l s o   b e  computed: 

Gain = 2.5 x x 6.25 10l8 
1.15 x 1 0 6 / 6 0  

= 8.15 x l o 5  (with  1133  gauss  magnet) . 
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F i n a l l y ,  it is  worthwhile   not ing that  the  spectrum 
shown i n   t h i s   f i g u r e   d i s p l a y s   o n l y  trace amounts  of 
C', t h e  CHb' series, and C02 , etc . ,  which  of ten  char-  

a c t e r i z e   s p e c t r a   t a k e n   w i t h   h o t - f i l a m e n t   i n s t r u m e n t s   i n  
t h e  UHV region.  The t rue   p re s su re   o f  N2 i s  5.3 x 1 0  

-1 1 

Torr  as measured  by  the MBAG using  the  modulat ion  technique . 
I n   e v a l u a t i n g   t h e   r e l a t i v e   c l e a n l i n e s s   o f   t h i s   s p e c t r u m ,  
it should be r e c a l l e d   t h a t   t h e   i o n   s o u r c e  i s  n o t  
o p e r a t i n g   i n  a high pumping speed  system.  Furthermore, 
the   conductance   f rom  the   ion   source   to   the   smal l   ion  
pump i s  r e l a t i v e l y  low  compared t o  ope ra t ing   t he   sou rce  

i n  a nude c o n f i g u r a t i o n   i n s i d e  a high pumping speed 
sys tem.   Despi te   these   ra ther   unfavorable   condi t ions ,  
t h e   s o u r c e   d i s p l a y s   r e l a t i v e l y  few extraneous  peaks.  

+ 

* 

These   remarks   conclude   d i scuss ions   o f   the   in f luence  
of C C I S  operating  parameters  on S/N r a t i o .  The i o n  

de tec to r   ( e l ec t ron   mu l t ip l i e r )   and   me thods  of opt imizing 
S/N a t  the   de tec tor   end   of  t h e  system will be con- 
sidered next .  

Maximizinq  detector S/N. - The ope ra t ing   cond i t ions  
of t h e   e l e c t r o n   m u l t i p l i e r   a l s o   i n f l u e n c e   t h e   o v e r a l l  
S/N r a t io  achieved by the ins t rument .   This   sec t ion  will, 
therefore ,   cons ider   and   d i scuss  the opt imiza t ion  of S/N 

a t  t h e   i o n   d e t e c t o r .  O f  equal  importance i s  t h e   c o l l e c t i o n  
e f f i c i e n c y   o f   t h e  detector s i n c e   t h i s  effects the 
s e n s i t i v i t y   o f   t h e   i n s t r u m e n t .  

3: 
The use  of   the  modulat ion  method,   together   with 

o ther   necessary   in format ion   requi red   to   de te rmine   t rue  
p re s su re  will be d i scussed   i n   connec t ion   w i th  the 
c a l i b r a t i o n   r e s u l t s .  
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A s  the   ions   emerge   f rom  the   quadrupole ,   the i r  
energy is t y p i c a l l y  of t he   o rde r   o f  1 0 0  eV. A t  t h i s  
energy  the number of   secondary   e lec t rons   c rea ted  a t  t h e  
f i r s t  dynode  of a t y p i c a l   m u l t i p l i e r   p e r   i n c i d e n t  ion 
(secondary  emission  ra t io ,  y )  w i l l  be 4 . 0 ,  i . e . ,  
the   average   ion  w i l l  n o t   y i e l d  a secondary  e lectron.  
Therefore ,  a s u b s t a n t i a l  number of   ions w i l l  no t   be  
counted  because a t  least  one e l e c t r o n  i s  r e q u i r e d   p e r  
i n c i d e n t   i o n   t o   i n i t i a t e   t h e   m u l t i p l y i n g   p r o c e s s   a n d  
t o  produce a p u l s e  a t  t h e   m u l t i p l i e r   o u t p u t .  

Accordingly, the ions   mus t   be   acce le ra ted   before  
s t r i k i n g   t h e   f i r s t  dynode.  The  energy  required  to 
produce a secondary   emiss ion   ra t io ,  y of a t  least  
one, i s  a funct ion  of   the  dynode  mater ia l   (and  surface 
c o n d i t i o n s ) ,   i o n i c  mass   and  molecular   s t ructure .  The 
necessary  information i s  a v a i l a b l e   i n  the  l i terature .  
For   ins tance ,   Higa tsberger  e t  a l .  (ref. 15 )   g ive   da t a  
on  the  value  of  y vs. i on   ene rgy   fo r  a number of  dynode 
materials a n d   f o r   a l l   o f   t h e   i n e r t   g a s e s .   T h e i r   d a t a  
shows t h a t   f o r   t h e  B e  Cu dynode  (type  used i n  t h i s  
work) ,  the value  of y fo r   a rgon  i s  n e a r l y   u n i t y   i n  
the v i c i n i t y   o f  1 0 0 0  ev. 

The e l e c t r o n   m u l t i p l i e r   u s e d   h e r e i n  is  provided 
with a g r i d   i n  f r o n t  of the  first dynode t o  a c c e l e r a t e  
t h e   i o n s  as t h e y   e n t e r   t h e   m u l t i p l i e r .   T h i s   g r i d  i s  
p h y s i c a l l y  and e l e c t r i c a l l y   c o n n e c t e d   t o   t h e  first 
dynode i n  such a way t h a t   i s o l a t i o n   o f   t h e   g r i d  i s  
impossible   without   damaging  the  multpl ier .  A s  a 

116 



result, it is not possible  to  vary  the  ion  .acceleration 
potential  without  simultaneously  varying  the  voltage 
on  the  electron  multiplier  dynode  chain,,  Accordingly, 
as  the  ion  accelerating  voltage is increased  to  increase 
y, the  gain of the  multiplier a lso  increases, While 
this  situation  hampered  certain  investlgations, it did 
not render  them  impossible, 

In the  discussions  to  follow,  we  will  be  primarily 
concerned  with  maximizing  the  detector S / N  ratio by 
obtaining  the  largest  possible  values of y. As a 
result, we  will  be  concerned  with  the  counting  efficiency 
of the  detector  and  also  with its collection  efficiency. 
The  latter  term is related  to  the  geometry cf ions 
emerging  from  the  quadrupole  and  the  fraction  thereof 
that  strike  the  first  dynode of the multiplier, We 
will  also  be  concerned  to  a  lesser  degree  with  the 
noise  level of the  detector  although this noise  is  much 
less  than  the  photon  noise  from  the  ion  source*,, 

In  order  to  obtain  some  information on y r  we  make 
use of the  technlques  previously  described in the  de- 
termination of multiplier  gain.,  That is we  will  combine 
counting  rate  with  dc  information in the  evaluation of 
y. We will  also  depend on the  fact  that  the  photon  noise 
is  unaffected  by  the  ion  acceleration  potential on the 
grid of the  multiplier,  Therefore,  for  photons,  a 

* 
Typically  the  thermionic  emission  from  the  early 

dynodes  is  only of the  order of 1-2 cpm at 300 vdc  and 
room  temperature, 
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v a r i a t i o n   i n   m u l t i p l i e r   v o l t a g e  w i l l  r e s u l t o n l y   i n  a 
change i n  mu l t ip l i e r   ga in .   F igu re   31  i s  used   to   ex-  
p l a i n  t h i s  p o i n t .  T h i s  f i g u r e  shows how t h e  dc ou tpu t  
cur ren t   f rom t h e  m u l t i p l i e r   v a r i e s   a s  t h e  m u l t i p l i e r  
( and   i on   acce le ra to r )   vo l t ages   a r e   va r i ed .  The photon 
curve was taken   wi th  a l a r g e   v a l u e   o f   r e t a r d i n g   v o l -  
t a g e ,  VR, t o   p u r p o s e l y   p r e v e n t   i o n s  from e n t e r i n g  
the  quadrupole   and,   hence,  t h e  m u l t p l i e r .   E s s e n t i a l l y  
then   the  two c u r v e s   a r e  t h e  f a m i l i a r   g a i n   c u r v e s  f o r  
a n   e l e c t r o n   m u l t i p l i e r ,   w i t h   o n e   c u r v e   f o r   i o n s   a n d  
the  o the r   fo r   pho tons .  

S ince  t h e  photons are n o t   a c c e l e r a t e d  by t h e  

p o t e n t i a l  on t h e  m u l t i p l i e r   g r i d ,  t h e  noise   curve  
r e p r e s e n t s  t h e  t rue   ga in   cu rve   o f  the m u l t i p l i e r .  
Assuming a cons t an t   pho ton   f l ux   du r ing  t h e  measurement 
p e r i o d ,  a c o n s t a n t  number of secondary   e lec t rons  w i l l  
be emi t ted  from t h e  f i rs t  dynode   per   un i t  t i m e .  As 
t h e   m u l t i p l i e r   v o l t a g e  i s  i n c r e a s e d ,   t h e   o u t p u t   c u r r e n t  
a l s o   i n c r e a s e s   i n   a c c o r d a n c e   w i t h  t h e  ga in  characterist ic 
of t h e  m u l t i p l i e r .  

For  ions,   however,  t h e  o u t p u t   c u r r e n t  w i l l  depend 
on the  mul t ip l i e r   ga in   and  on t h e  secondary  emission 
e f f i c i e n c y  y of the f i r s t  dynode. We no te  t h a t  t h e  
mass 28 ion   curve  rises more r a p i d l y   f o r   i o n s   t h a n   f o r  
no is ' e .   In   fac t ,   over   the   range   of  t h e  m u l t p l i e r   v o l -  
t ages  shown i n  t h e  f i g u r e ,  t h e  i n c r e a s e   i n   i o n   c u r r e n t  
i s  approximately a f a c t o r   o f  three more than  the  photon 
c u r r e n t   i n c r e a s e .  I t  remains   to   be  shown however, t h a t  
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t h e  increase i n   i o n   c u r r e n t  i s  not   s imply  an i n c r e a s e  
i n   t h e  number o f   i o n s   b e i n g   c o l l e c t e d  by t h e   e l e c t r o n  
m u l t i p l i e r  as a r e s u l t  of an   improved   ion   co l lec t ion  
e f f i c i e n c y  a t  t h e  h i g h e r   a c c e l e r a t i o n   v o l t a g e s .   B r i e f l y ,  
t h e  i n c r e a s e  may be due t o   a n   i n c r e a s e   i n   t h e   i o n  
count ing  ra te  r a t h e r   t h a n   a n   i n c r e a s e   i n  y .  I n   g e n e r a l ,  
however, it i s  obv ious   t ha t   t he   h ighe r  S/N r a t i o  w i l l  
be   obtained a t  the  h i g h e s t   m u l t i p l i e r   v o l t a g e  shown 
(3000  v o l t s ) .  

F igu re  32 shows how the   coun t ing  ra te  of t h e  mass 
28 peak   va r i e s   a s  a func t ion   o f   mu l t ip l i e r   ( and   i on  
a c c e l e r a t i o n )   v o l t a g e .  The r e g i o n   o f   g r e a t e s t   i n t e r e s t  
l ies between 3000 and 3500 v o l t s .  Here w e  see t h a t   t h e  
ion   count ing  ra te  h a s   a t t a i n e d  a n e a r l y   f i x e d  ra te  of 
approximately 6 x l o 4  cpm. The previous   f igure ,   however ,  
shows t h e  i o n   c u r r e n t  i s  c o n t i n u a l l y   i n c r e a s i n g .  The 
data of  Fig.  31, t h e r e f o r e ,  shows t h a t  ' y  i s  the q u a n t i t y  
which i s  i n c r e a s i n g   r e l a t i v e  t o  t h e  normal  gain  curve 
of t h e  m u l t i p l i e r .   F i g u r e  32 a l s o  shows t h a t  i n  t h e  

reg ion   of  3500 v o l t s   b o t h  t h e  coun t ing   and   co l l ec t ion  
e f f i c i e n c y  o f   t h e   d e t e c t o r  i s  approaching 1 0 0 % .  Data 
w a s  a l s o   t a k e n   ( i n t e g r a l   p u l s e   h e i g h t   d i s t r i b u t i o n )  which 
demons t r a t e s   t ha t  t h e  i o n   c o u n t i n g   r a t e  is a h o s t  corn- 

p l e t e l y   i n d e p e n d e n t   o f   t h e   d i s c r i m i n a t o r   l e v e l   i n   t h e  
reg ion   of  low d i s c r i m i n a t o r   s e t t i n g s .  T h i s  f a c t   i n d i c a t e s  
t h a t  a l l  i o n s   p r o d u c e   s u f f i c i e n t   p u l s e   a m p l i t u d e s   t o   b e  
coun ted ,   o r  t h a t  t h e  c o u n t i n g   e f f i c i e n c y  i s  1 0 0 % .  
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An a t t empt  w a s  made t o  measure y for   comparison 
w i t h   l i t e r a t u r e   v a l u e s .   T h i s  i s  t h e o r e t i c a l l y   p o s s i b l e  
through  the   use   o f   equa t ion  ( 9 )  . The ga in   equat ion  
f o r   n o i s e   e l e c t r o n s  may be   wr i t t en ;  

Gn - - R I n  X 6.25 X P O 1 8  
n 

where Gn i s  t h e  ga in  of m u l t i p l i e r   f o r   n o i s e ,  I n  i s  
t h e  output   noise   current   (amperes)   and Rn i s  t h e  

ou tpu t   no i se   coun t ing  ra te  i n   c o u n t s / s e c .  
r e p r e s e n t s  the number of secondary   e lec t rons /sec .  
which are released under a c o n s t a n t   f l u x  of photons.  
I n   o r d e r   t o  be counted, each photon  must release 
a t  l ea s t   one   e l ec t ron   f rom t h e  f i rs t  dynode. I n  
making  our  measurement of Gn,  w e  mus t ,   t he re fo re ,  
c o u n t   i n d i v i d u a l   e l e c t r o n s   l e a v i n g  the f i r s t  dynode. 
We would  expect   that  the n o i s e   c o u n t i n g   r a t e  would 
s a t u r a t e  a t  some f i n i t e  count ing ra te  (as a func t ion  
o f   t h e   m u l t i p l i e r   v o l t a g e )  as d i d   t h e   i o n  rate i n  
F ig .  32. T h i s  f i n i t e  r a t e ,  Rn would be used i n  
equat ion  (191, t o g e t h e r  w i t h  a s t r a i g h t f o r w a r d   d c  
current  measurement (I ) t o   d e t e r m i n e   t h e   g a i n   f o r  a 
s i n g l e   e l e c t r o n   l e a v i n g  t h e  f i r s t  dynode. The va lue  
of Gn t hus   de r ived  would r e p r e s e n t   t h e   t r u e   g a i n   o f   t h e  
m u l t i p l i e r  f o r  s i n g l e   e l e c t r o n s .  The observed   ga in   for  
ions   der ived ,   f rom  equat ion  ( 9 )  i s  a c t u a l l y ,  

Rn 

n 

Gm = YGn 

1 2 2  



Simultaneous  measurements  of  Gm  and  Gn  would  yield  a  value 
for y .  The noise  counting  rate  did not saturate at high 
multiplier  voltages (3600~) and it was  discovered  that 
the  noise  level  within  the  multiplier  (ion  source  source 
off)  was  contributing  substantially  to  the  overall  noise 
counting  rate. It was not possible  to  determine  the  true 
photon  noise rate, Rn with  sufficiency  accuracy  under 
these  conditions  and  the  effort  to  measure ' y  was  therefore 
abandoned.  The  best  information  obtained  from  the  ex- 
perimental  data  of  Fig. 31 is  that y is approximately 3 at 
3000 volts.  This  is  largely  based on the  literature  values 
for y published  by  Higatsberger  (ref. 15) for  ions of 
1000 eV  energy. 

In order  to  increase  the  detector S / N  ratio beyond 
present  values,  two  steps  must  be  taken. First, y should 
be  made  as  large as possible by increasing  the  accelerating 
voltage  and  secondly,  the  detector  should be made  "blind" 
to  the  photon  noise.  Each  of  these  will  involve  Certain 
considerations  which  will  be  discussed  next. 

Increasing y effectively  makes  the  average  signal 
pulse  height  larger in comparison  to  the  noise. A practical 
limit  exists  to  the  accelerating  potential  which  may  be 
applied  to  the  detector as a  result of  certain  electronic 
considerations. The output  of  the  quadrupole is essentially 
at ground  potential  and  the  ions  emerge  with  100  eV  energy 
with  respect  to  ground. To accelerate  the ions, a  large 
negative  voltage is applied  to  the  accelerating  grid  and 
thereafter  the  ions  strike  the first dynode  without 
further  acceleration  or  deceleration. If the  operating 
voltage  of  the  multiplier is less  than  the  desired 
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a c c e l e r a t i o n   p o t e n t i a l ,   t h e   o u t p u t   c o l l e c t o r   o f   t h e  
m u l t i p l i e r   m u s t   b e   o p e r a t e d   a t  a n e g a t i v e   p o t e n t i a l  which 
i s  the   d i f fe rence   be tween  the   acce le ra t ion   and   the  
mul t ip l i e r   vo l t ages .   Fo r   example ,   i f   an   acce le ra t ion  
v o l t a g e  of 7000  - v o l t s  i s  a p p l i e d   t o   a n   i s o l a t e d  accelera- 
t o r ,  and t h e   m u l t i p l i e r  i s  o p e r a t e d   a t  3000  v o l t s ,   t h e  
c o l l e c t o r   o f   t h e   m u l t i p l i e r  w i l l  be 4 0 0 0  v o l t s  below 
ground  po ten t ia l .   For  a d c   d e t e c t o r ,   t h i s   c o n f i g u r a t i o n  
would  be qui te   t roublesome  s ince   the   e lec t rometer   mus t  
be w e l l  insulated  f rom  ground  (and power l i n e s ) .   F o r  
p u l s e   c o u n t i n g ,   t h e   s i t u a t i o n  i s  more tenable   because a 
b lock ing   capac i to r  may b e   u s e d   t o   i s o l a t e   t h e   l a r g e  
d c   o f f s e t   o f   t h e   c o l l e c t o r .  The  breakdown n o i s e   a c r o s s  
and/or   through  the  capaci tance w i l l  e v e n t u a l l y  l i m i t  t h e  
a c c e l e r a t i o n   v o l t a g e   s i n c e   n o i s e   p u l s e s  of t h e   o r d e r   o f  
1 mv o r  less o c c u r r i n g   w i t h i n   t h e   c a p a c i t o r  w i l l  be 
recorded by t h e   c o u n t e r .  A p r a c t i c a l  l i m i t  f o r   t h e s e  
reasons  appears   to   be  around 5000  v o l t s   f o r  a m u l t i p l i e r  
o p e r a t i n g  a t  3000  vo l t s .   Accord ing   t o   H iga t sbe rge r ,   t he  
r e s u l t i n g   i n c r e a s e   i n  y fo r   a rgon  w i l l  be a f a c t o r  of 
1 . 4 7  f o r  5 0 0 0  e V  argon  ions  compared  to  3000  e V  i o n s .  
Woodward and  Crawford  (ref.  1 6 )  d i s c u s s   f u r t h e r  
e l e c t r o n i c   c o n s i d e r a t i o n s   i n  t h e  use   o f   ion   count ing  
techniques  and  of   the  operat ion of e l e c t r o n   m u l t i p l i e r s  
i n   t he   "o f f   g round"   conf igu ra t ion .  
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The second  improvement t h a t   s h o u l d  be made i n  
d e t e c t o r   d e s i g n  is  t o   p r e v e n t   t h e   i o n   s o u r c e   p h o t o n s  
f r o m   s t r i k i n g   t h e   m u l t i p l i e r   f i r s t  dynode.  For  the 
quadrupole   ana lyzer ,   the   p roblem  of   separa t ing   the  
ions  and  photons must be  approached more c a r e f u l l y  
than   fo r   magne t i c   s ec to r   i n s t rumen t s .  To  s e p a r a t e  
t h e   i o n s ,   a n   e l e c t r o s t a t i c   d e f l e c t o r  i s  u s e d   t o   d e f l e c t  
and accelerate the   i ons   l eav ing   t he   quadrupo le .  The 
e n t r a n c e   t o   t h e   m u l t i p l i e r  i s  t h e n  l o c a t e d  so  t h a t  i t  
i s  o f f - a x i s   t o   t h e   p h o t o n  beam. The ions   l eav ing   t he  
q u a d r u p o l e   e x i t   a p e r t u r e   a r e   w i d e l y   s p r e a d   i n   t h e i r  
angu la r   d i s t r ibu t ion   abou t   t he   quadrupo le   ax i s .  The e x i t  
angle   of  a p a r t i c u l a r   i o n  i s  a func t ion   o f  many para-  
meters ( r e f .  1 7 )  and ca re fu l   cons ide ra t ion   mus t   be  
g iven   t o   focus ing   t he   w ide ly   d i spe r sed  beam i n t o   t h e  
e n t r a n c e   a p e r t u r e  of t h e   f i r s t  dynode.  Bhtemann 
and Delgmann ( r e f .  1 8 )  have   a r r anged   t he   mu l t ip l i e r   o f  
t h e  AMP3 so t h a t   t h e   a x i s  of t h e   m u l t i p l i e r  i s  i n c l i n e d  
a t  an  angle  of 60' t o   t h e   q u a d r u p o l e   a x i s .  They have 
s t u d i e d   t h e   c o l l e c t i o n   e f f i c i e n c y   o f   t h e   d e t e c t o r  
which   they   repor t  as "almost  1 0 0 % "  f o r  a l l  i o n s  i n  a 
wide mass range.  Thus,  no mass d i s c r i m i n a t i o n   e f f e c t s  
were obse rved   i n   t he   co l l ec t ion   sys t em  due   t o   imprope r  
focus ing   of   the   var ious  masses. They d o   n o t   r e p o r t  how- 
ever, t h e   f a c t o r  by  which the  photon  background  has  been 
r educed .   In   ano the r   con f igu ra t ion   r epor t ed  by  Bennewitz 

* 

* 
Made by, A t l a s  Mess und Analysentechnik GmbH, 

Bremen,  Germany. 
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and Wedemeyer (ref. 191, it i s  s t a t e d   t h a t   t h e   p h o t o n  
background  reduct ion   fac tor  i s  about  50:l compared t o  
an  on-axis   configurat ion.  The i o n   c o l l e c t i o n   e f f i c i e n c y  
was n o t   s p e c i f i c a l l y   m e a s u r e d   b u t  i s  b e l i e v e d   t o   b e  
80 - 9 0 % ,  a c c o r d i n g   t o   t h e   a u t h o r s .  Mass d i s c r i m i n a t i o n  
due t o   v a r i a t i o n s   i n   c o l l e c t i o n   e f f i c i e n c y   w i t h  mass 
are not   g iven .  

Thus, as ev idenced   i n  the l i t e r a t u r e ,   f u r t h e r  
improvements  can  be made i n  the  count ing  S/N r a t i o  by 
l o c a t i n g  the  m u l t i p l i e r   o f f - a x i s   t o   a v o i d  the  photon 
background. The magnitude  of  the  improvement w i l l  be 
determined by the c o n f i g u r a t i o n   c h o s e n .   I n   a d d i t i o n  
to   improv ing   t he  S/N r a t i o  a t  the d e t e c t o r ,   f u r t h e r  
improvements may be   poss ib l e   w i th in   t he   i on   sou rce  
a l o n g   t h e   l i n e s   p r e v i o u s l y   d i s c u s s e d   i n   c o n n e c t i o n  
wi th   t he   t ubu la r   ca thode   s tub .  

In   conc lud ing   ou r   r emarks   on   t he   i on   de t ec to r ,  it 
is  impor t an t   t o   r ecogn ize  t h a t  a noticeable  improvement 
i n   d e t e c t o r   s t a b i l i t y  has been made us ing   count ing  
t echn iques .   Re fe r r ing   aga in   t o   F ig .  32 w e  n o t e   t h a t  
only a small change ( 6 . 5 % )  i n   c o u n t i n g  ra te  o c c u r s   i f  
the   vo l tage   on  t h e  m u l t i p l i e r  i s  reduced  from 3500 t o  
3000 vo l t s .   Re fe r r ing   nex t   t o   F ig .   31 ,   and   ex t r a -  
p o l a t i n g   t h e  data t o   t h e  3500 v o l t   p o i n t   f o r   t h e   n o i s e  
p h o t o n s ,   t h e   d r o p   i n   g a i n   f o r  t h e  mul t ip l i e r   be tween  
3500 and 3000 v o l t s  would  be a t  l ea s t  a f a c t o r  of twoand 
more l i k e l y  would  be a f a c t o r   o f   t h r e e .   T h i s  i s  c e r t a i n l y  
a worthwhile  improvement. 
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In summary, the following  observations  have  been 
made  regarding  maximizing  the  ion  detector S/N ratio: 

(1) The  secondary  emission ratio, y is 
important in determining S/N ratio, 
but  the  limitations on improvement 
by  increasing y are  predominantly 
electronic  in  nature. 

( 2 )  The  most  important  increase in S/N 
ratio  should  be  the  result  of  locating 
the  multiplier  off-axis so that it is 
"blind"  to  photons.  Careful  design is 
important in order  to  achieve  high  ion 
collection  efficiency  for  all  masses. 

( 3 )  The  sensitivity  of  the  detector  to 
random  gain  changes in the  multiplier  is 
much  reduced by  the  use of counting 
techniques. 

The  final  section  of  our  report  will  deal  with 
sensitivity  and  calibration of the  instrument at very 
low  partial  pressures. 

Ultra-High  Vacuum  Calibration  of  CCIS/Quad 

General. - It is  well known (refs. 20, 21,  22)  that 
the  response  characteristics  (output  current vs. pressure) 
of  the  Redhead  magnetron  gauge  are of the  form 
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1' = kPn n = 1 . 0  above 1 0  Torr  
- - 1 0  

n ; 1 . 0  below 1 0  Torr  (21) -10 

Where 1' i s  the ca thode   i on   cu r ren t   i n   amperes ,  P i s  t h e  
p r e s s u r e   i n   T o r r  and k i s  a s e n s i t i , v i t y   c o n s t a n t   f o r  a 
g iven   spec ies   o f   gas   expressed   in   amperes /Torr .  The 
va lue   o f  n i s  dependent on t h e   m a g n e t i c   f i e l d   i n   t h e   r e g i o n  
below  approximately 1 0  Tor r .   Typ ica l ly ,  n has  a value  of  
1 . 4  or 1 .5  for magnetic f ie lds  of t h e  o rde r   o f  1 0 0 0  g a u s s .  
Fo r   magne t i c   f i e lds  less t h a n   t h i s   v a l u e ,  n i n c r e a s e s   t o  
approximately 1 . 9  a t  900  gauss.  Thus, some care must  be 
exerc ised   in   measur ing   and   handl ing   the  C C I S  magnets t o  
prevent   unexpec ted   changes   in   ins t rument   ca l ibra t ion .  

-10 

I t  h a s   a l s o   b e e n   e s t a b l i s h e d   t h a t   t h e   p o i n t  a t  which 
t h e  C C I S  becomes non- l inear  i s  r e l a t e d   t o   t h e   t o t a l   c a t h o d e  
cu r ren t   r a the r   t han   t he   gas   p re s su re .   Fo r   example ,   t he  
work of   Feakes  and  Torney  c i ted  above  ( ref .  2 2 )  shows 
tha t   t he   non- l inea r   r e sponse   beg ins  a t  a p o i n t  where t h e  
t o t a l   c a t h o d e   c u r r e n t  i s  n e a r l y  2 x lo-' amperes f o r  
both  hel ium  and  ni t rogen.  T h i s  p o i n t  i s  for   an  anode 
vo l t age   o f  4500 v o l t s ,   n o t   t h e  1 0 0 0  v o l t s   p r e s e n t l y  
recommended. 

The b e s t   i n f o r m a t i o n   p r e s e n t l y   a v a i l a b l e   i n d i c a t e s  
t h a t  n i s  probably  independent of s p e c i e s  ( a t  l eas t  f o r  
he l ium  and   n i t rogen)   i n   bo th   t he   l i nea r  and  non-linear 
r eg ions .  If t h i s  i s  t r u e ,   t h e n   t h e   c a l i b r a t i o n   o f   t h e  
spec t rometer  i s  s t r a i g h t f o r w a r d   i n   t h a t   o n l y  k need  be 
measured  for each gas.  For  example, i f  w e  assume t h a t   t h e  
s e n s i t i v i t y   e q u a t i o n   f o r  any  species  i s  of   the   form 
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i + =  n 
j kj P j  

t h e n   t h e   t o t a l   c a t h o d e   c u r r e n t  w i l l  be 

I K ,  
+ I  = I t = C k . p  n 

K2 1 1  

where I t  i s  t h e   t o t a l   c a t h o d e   c u r r e n t .  When I t  2 2 x 1 0  
amperes, n = 1 . 0  and when I 2 x lo-' amperes, n = 1.45 t 
( f o r  1 0 2 0  g a u s s ) .  Once k is  de termined   for  a given 
spec ies   and  n i s  de termined   for   one   gas ,   then   the  
t r a n s l a t i o n   o f   p e a k   h e i g h t   ( c u r r e n t )   d a t a   i n t o   p a r t i a l  
p re s su re   i n fo rma t ion  i s  s t r a i g h t f o r w a r d .  

- 9  

* j 

Accordingly,  one of the   purposes   o f   the   exper imenta l  
program is to   a t tempt   to   ver i fy   the   above   assumpt ions  
f o r  a l i m i t e d  number of   gases .  Argon  and  neon were 
s e l e c t e d ,  i n  a d d i t i o n   t o   t h e   p r i m a r y   c a l i b r a t i o n   g a s ,  
n i t r o g e n .   B e f o r e   d i s c u s s i n g   t h e   r e s u l t s ,  a b r i e f  
d e s c r i p t i o n   o f  t e s t  methods w i l l  be  given. 

Test methods. - The bas i c   p re s su re   s t anda rd   u sed  i s  
the  modulated  Bayard-Alpert  gauge (MBAG) o r i g i n a t e d  by 
Redhead ( r e f .  23). The two modula t ion   cur ren ts  I 1  

(modulator a t  g r i d   p o t e n t i a l )  and I2 (modulator a t  
ground) are used   t o   de t e rmine   t he   t rue   p re s su re  PT, 
u s i n g   t h e   r e l a t i o n s h i p  

* 
Note t h a t  kj can   be   de t e rmined   i n   t he   l i nea r   r eg ion  

of t h e   r e s p o n s e   c h a r a c t e r i s t i c s .  
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where a is the  modulation  coefficient as defined by 
Redhead, K is the  gauge  constant  (Torr-’)  and 1- is the 
electron  emission  current in amperes. The MBAG used 
has  been  the  subject of considerable  study in order to 
verify  that  certain  anomalies in MBAG behavior  described 
by  Redhead  (ref. 2 4 )  and  later  by Hobson (ref. 25) do 
not effect  the  present  measurements. For instance,  the 
x-ray  limit of the  gauge 12.5 x Torr)  has  been  care- 
fully  measured  and  was  found  to  be in agreement  with 
the  value  determined  using  the  modulation  techniques at 
pressures of the  order of 3 x 10 Torr. - 1 2  

The calibration  procedure  consists of comparing  the 
CCIS/Quad output (dc or counting  rate)  to  a  pressure 
reading  of  the MBAG derived  from  equation 2 4 .  The  emission 
current  for  the  given  species is derived  from  Dushman, 
as  explained  previously. DC current  data  was  taken 
primarily  to  extend  the  range of measurement  to  higher 
pressures,  where the  ion  counting  rate  exceeds  the 
capability  of  the  counting  equipment. 

Discussion of calibration  result+. - Figure 33 shows 
both  the  dc  current  and  counting  rate  response  for 
nitrogen in the range 1 x  Torr  to 3 x 10 - 1 2  Torr 
true  pressure. In general  the  data  agrees  remarkably  well 
with  data  taken in 1963 by Torney  and  Feakes  (ref. 21). The 
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s lope  i s  1 .45   i n  the  non-l inear   region  and  the  charac-  
t e r i s t ic  is reasonably   l inear   above   th i s   va lue .   Note  
t h a t  a small r e s o l u t i o n  loss of  8% i s  obse rved   i n   t he  
c o u n t i n g   d a t a   a t  a r a t e   o f  lo6 cpm. Within the  l i n e a r  
r eg ion ,  t he  c o u n t i n g   s e n s i t i v i t y   f o r   n i t r o g e n  is 

- 5.4 x 1 0 5  cpm 
Kn - 4.0 x 1 0  Torr  -1 1 

= 1.35 x 1 O I 6  cpm/Torr, N2 ( 2 5 )  

The measured   count ing   e f f ic iency  i s  approximately 35% 
f o r   t h i s  data.  The background  due t o   t h e   i n s t r u m e n t  
a l o n e   ( l i n e   n o i s e   s u b t r a c t e d )  i s  1.7 counts   per   minute  
a t  the lowest   pressure  measured ( 2 . 7  x 1 0  T o r r ) .  - 1 2  

The magnet  used i n  t h e   p r e s e n t  work i s  the s t r o n g e r  
of   the two magnets   descr ibed  previously.  I ts  f i e l d  
s t r e n g t h  w a s  1133 gauss.   This  magnet was used   i n   o rde r  
t o   o b t a i n  a r e s p o n s e   c h a r a c t e r i s t i c  whose s l o p e   i n  the 
non- l inear   reg ion  was as n e a r l y   u n i t y  as p o s s i b l e .  

An a t t empt  was made t o  measure t o t a l   c a t h o d e   c u r r e n t  
'K1 & 'K2 t o   de t e rmine  the  b r e a k   p o i n t   i n   t h e  

c h a r a c t e r i s t i c s .   T h i s   c u r r e n t   d e f i n e s  where  the  value 
of n changes the  response  from a l i n e a r  t o  an  ex- 
ponent ia l   form.   Again ,   due   to   l eakage   cur ren ts   in   the  
c a t h o d e   i n s u l a t o r s ,   t h e   d e t e r m i n a t i o n   c o u l d   n o t   b e  made. 

* 

* 
See Eq. 23. 
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A compar i son   ca l ib ra t ion  w a s  a l s o  made w i t h  argon. 
The d a t a  is shown i n   F i g .  34. Again,  both  dc  and 
count ing  rate responses  were t aken .   In   gene ra l ,  the  

a r g o n   r e s u l t s  are d i s a p p o i n t i n g   i n   t h a t   t h e y   d o   n o t  
appea r   t o   con f i rm the  above t h e o r e t i c a l   d i s c u s s i o n s .  
The value  of  n is o b v i o u s l y   l a r g e r   f o r   a r g o n   t h a n   f o r  
n i t rogen .   Also  the  s l o p e s   ( f o r  n > 1) of  argon  count ing 
and dc data do   no t   appea r   t o  be the  same, whereas   for  
n i t r o g e n  good  agreement i s  e v i d e n t .  The dc s e n s i t i v i t y  
f o r   a r g o n   i n  the  l i n e a r   r e g i o n  i s  approximately 2 2  

amperes/Torr ,   and  for   ni t rogen,  t h e  corresponding 
s e n s i t i v i t y  i s  45 amperes/Torr. The r a t i o   o f   c o u n t i n g  
s e n s i t i v i t i e s  (N2/Ar)  i s  a l s o   i n  t he  r a t i o   o f  2:l. 
These f i g u r e s   a r e   i n   s h a r p   c o n t r a s t  w i t h  p rev ious   da t a  
taken   wi thout  the e l e c t r o n   m u l t i p l i e r   ( T a b l e  I V )  . The 

ga in   o f  the e l e c t r o n   m u l t i p l i e r  w a s  measured  for  both 
argon  and  nitrogen  on a number of occas ions .  The 

r e s u l t s   o b t a i n e d  were i n  a l l  cases   about  2 0 %  lower 
t h a n   f o r   n i t r o g e n .  T h i s  f a c t  i s  an t i c ipa t ed   because  
t h e  secondary   emiss ion   ra t io  i s  approximate ly   inverse ly  
p r o p o r t i o n a l   t o  t he  square   roo t   o f  the mass of the gases .  
However, the r e d u c t i o n   i n   s e n s i t i v i t y   f o r   a r g o n  due t o  
t h e  mass dependency  of   the  mult ipl ier   should  be more 
t h a n   o f f s e t  by t h e  i n c r e a s e d   s e n s i t i v i t y   o f  the ion   source  
fo r   a rgon  which is e v i d e n t   i n  Table I V .  Here, t h e  
a r g o n   s e n s i t i v i t y  is 1 . 8  times l a rge r   ( l ow  p re s su re  
f i g u r e )   t h a n   n i t r o g e n .  The a n t i c i p a t e d   n e t   r e s u l t  would 
be t h a t   t h e   r a t i o   o f   a r g o n / n i t r o g e n   s e n s i t i v i t i e s  
should  be  approximately 1.45:l i n s t e a d   o f  t he  observed 
r a t i o   o f  0 . 5  : 1. A t  the  p r e s e n t  t i m e ,  the   reasons  
under ly ing  these r e s u l t s  are n o t  known and   t he re fo re ,  
s p e c u l a t i v e   d i s c u s s i o n s  are omi t ted .  
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Extending  the  comparison  between  the  nitrogen  and 
argon data, we note  that  the  argon  and  nitrogen  response 
characteristics  exhibit  the  familiar  "transition  region" 
which  signals  the  onset  of  a  change  from  a  power to a 
linear  function  as  the  pressure  increases  from  very low 
values. In the  nitrogen  data,  the  beginning  of  the 
transition  region  is  near 6 x 1O-I' Torr.  For  argon, 
the  change  begins at a  lower  'value  (about 3 x Torr, 
argon). As noted  earlier, it is anticipated  that  the 
change in slope  will  occur at a  critlcal  value  of  cathode 
current,  regardless  of  the  species.  The  pressure at 
which  the  change  will  occur  will  be  a  function of the  ion 
source  sensiti.vity  for  the  given  species.  For  a  gas 
with  a  high  ionization  cross-section,  the  so-called 
"break  point"  will  occur at lower  pressures  and  for  a 
low  ionization  cross-section,  the  break  point  will  occur 
at  higher  pressures.  This  appears  to  be  the  case  with 
helium  and  nitrogen. In our  present  data,  however,  the 
break  point is lower  for  argon  than  nitrogen. In our 
present data,.however, the  break point  is  lower  for  argon 
than  nitrogen by approximately  a  factor  of  two;  suggesting 
that  the "- total  discharge  current (IK, and I K ~ )  is larger 
for argon  than for nitrogen.  This  would  be in much  better 
agreement  with  the  Table IV sensitivity data, Without 
meaningful  data on the  total  cathode  currents,  the  true 
reasons  for  the presentuncertainties are  not  apparent. 

It will  also  be  noted  that  there  is  a  pronounced 
curvature  of  the  very  low  pressure  section  of  the  argon 
response  characterisitc  which is not observed  in  the 
case of nitrogen. A background  spectrum  taken  before 
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Fig. 35 Counting rate vs. Pressure  Ne20 €i Ne22. 
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the   a rgon   run  shows trace amount of  masses 2 and 2 8  

which   undoub ted ly   con tamina ted   t he   ca l ib ra t ion   gas   i n  
each  gauge t o   a n  unknown ex ten t .   The re fo re ,   t he  
argon  data   below  approximately 1 0  Torr  is probably 
n o t   v a l i d .  

-11 

The count ing  rate response of neon  was a l s o  
i n v e s t i g a t e d   i n   t h e  UHV reg ion .  The neonzz   i so tope  
peak w a s  used  and  the MBAG d a t a   c o n v e r t e d   t o   d i r e c t  
p a r t i a l   p r e s s u r e   o f   t h i s   i s o t o p e .   T h i s   n a t u r a l  
isotope  has  an  abundance  of 9 . 2 %  of  normal  neon. The 
d a t a   o f   F i g .  35 is ,  t h e r e f o r e  , e a s i l y   c o n v e r t e d   t o  
neon  data  by mul t ip ly ing  t h e  count ing  rate and   pressure  
coord ina te s  by a f a c t o r   t e n .  The s e n s i t i v i t y   f o r  
e i t h e r  Neonz0 or Neon2* is ,  of course , t h e  same. 

I n   t h e  case of neon ,   the   response   d id   no t  show 
the   t yp ica l   two-s lope   cha rac t e r i s t i c   found   fo r   a rgon ,  
n i t r o g e n  and  helium.  This is b e l i e v e d   t o  be due t o  
c o n t a m i n a n t   r e s i d u a l   g a s e s   e x i s t i n g   a t   v e r y  low p r e s s u r e s  
which o r i g i n a t e  f r o m   d e s o r p t i o n   e f f e c t s   i n   t h e   i o n  pump. 
The s e n s i t i v i t y   f o r  neon  can  be  measured  from  the  data 
i n   t h e   l i n e a r   r e g i o n .  The value shown i n  this  f i g u r e  
is n e a r l y  2 x 10l5 cpm/Torr  neon. 

Table V summarizes t h e  c a l i b r a t i o n  for t h e   t h r e e  
gases   u sed   du r ing   t hese  tests. 
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TABLE V 

Counts/Min. 
Per Torr 

1.35 x 10l6 

6.0 x 1015 

2.0 x 1015 

22 1.80 

Not determined 

In summary,  the UHV counting  calibration  data  has  sub- 
stantiated  previous  data  in  the  case  of  nitrogen. For argon, 
the  results in the  non-linear  region  are  probably  not  correct 
at the  lowest  pressures  because  of  contaminants  affecting 
the MBAG. The  excessive  leakage  current  encountered  in  the 
measurement of the  total  discharge  current  seriously 
hampered  the  experiments  and  the  interpretation  of  results. 
Despite  these  problems, it can  be  seen  that  the  CCIS/Quad 
has  a  capability  of  measuring  true  partial  pressures  into 
the 10 Torr  range  with  a  relatively  large S/N ratio. - 1  3 

Conclusions 

The  use  of  counting  techniques  promises  major 
improvements  in S/N ratio, detector  stability  and 
measurement  accuracy  of UHV total  and  partial  pressure 
measuring  instruments.  Although  the  present  arrange- 
ment  is  not  optimum, it has  been  shown  that  a  detector 
can  be  operated  with  counting  and  collection  efficiencies 
approaching  100%.  These  efficiencies  have  been  achieved 
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using an in-line  quadrupole  analyzer-detector  system  which 
represents  a  non-ideal  situation  for  photon  noise  back- 
ground  rejection. For a  magnetic  sector  analyzer  with 
its  excellent  noise  and  signal  geometrical  separation,  the 
technique  may  be  applied  immediately  to  improve  stability 
and S/N ratio.  For  axial-aligned  r-f  analyzers  such as 
time  of  flight  and  quadrupoles  instruments,  the  photon 
background  should  be  seduced  by  using an electrostatic 
deflector  together  with  an  off-axis  multiplier to divert 
and deflect the  ions. These  techniques  have  already 
been  applied  to  dc  current  detectors. 

Finally,  ion  counting  techniques  may  also be  em- 
ployed  to  continuously  monitor  the  gain of the  electron 
multiplier  in  conventional  dc  ion  detectors  if  the  latter 
type of detector  is  preferable  for  routine  analysis. 



CONSTRUCTION AND OPERATION OF THE 

COLD CATHODE I O N  SOURCE 

The i o n   s o u r c e   f o r   t h i s   p r o j e c t  w a s  d e s i g n e d   t o  
be f i t t e d   t o   a n  Ultek/EAI  model 2 0 0  quadrupole   analyzer .  
The co ld   ca thode   source   rep laces   the   ho t   f i l ament  
source  which is p a r t  of t h e   o r i g i n a l   a s s e m b l y .   T h i s  
ope ra t ion   shou ld  be  performed  under  clean room cond i t ions  
and   wi th   whi te   g loves   to   avoid   contaminat ion   of   the  
i n t e r n a l .   p a r t s .  

Construction  of  Cold  Cathode  Ion  Source 

Manufac tu r ing   de t a i l s .  - The assembly, de ta i l   d rawings  
a n d   p a r t s  l i s t  f o r   t h e   c o n s t r u c t i o n  of t h e  C C I S  are 
shown i n   F i g s .  36  through 5 3  . A s  ind ica ted   on   the  
drawings,  a l l  o f   t he   i n t e rna l   pa r t s   mus t   be   po l i shed  
smooth wi th  no sharp   edges   o r   corners .   This  i s  re- 
q u i r e d   t o   p r e v e n t   f i e l d   e m i s s i o n   i n   t h e   s o u r c e .  

* 

The anode is f i r s t  a s sembled   i n   t he   r e t a ine r   w i th  
t h r e e   s a p p h i r e   b a l l s .   T h i s  i s  most  easily  acconlplished 
us ing  two s t r ip s   o f   mask ing   t ape  on t h e   i n s i d e   o f   t h e  
anode t o   h o l d  two o f   t h e   b a l l s  i n  p l a c e .  Then tilt the 
anode to   expose   t he   t h i rd   ho ld   and   snap   i n   t he   t h i rd  
b a l l   w i t h  a wood tongue  depressor .  A 20  gauge  nickel  
wire l e a d  is then  spot  welded  to  the  anode  through  one 
o f   t h e   s l o t s   i n   t h e   r e t a i n e r .  (See Fig .  37.)  

* 
These   f igures  are l o c a t e d  a t  t h e   e n d   o f   t h i s   s e c t i o n  

of the  Report .  
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The two a u x i l i a r y   c a t h o d e s  are spo t   we lded   t o   t he  
re ta iner ,   spaced   approximate ly  .040" from  the  anode. 
Although  this   dimension i s  n o t  c r i t i c a l ,  it should   no t  
be much smaller or  f i e ld   emis s ion   migh t  become a 
problem . 

The cathode  rod is spot welded i n  the   ho le  of t h e  
cathode #1 (K1) d i sc   and  t h i s  assembly is h e l d   i n   p l a c e  
by th ree   kova r -g l a s s   i n su la to r s   spo t   we lded   t o   t he  re- 
t a i n e r   a n d   t h e   l i p  of the ca thode   d i sc .  The spac ing  
aga in  is approximately . 0 4 0 "  b u t  i s  n o t  c r i t i c a l .  

The cathode # 2  (K2) d i s c  i s  mounted  with  the  other 
t h ree   kova r -g l a s s   i n su la to r s .   These  are welded on 
the   ou t s ide   o f   t he   r e t a ine r   w i th   t he   l ower   l eads   ben t  
th rough  the   no tches   in   the   re ta iner   and   welded   to   the  
ca thode   d i sc  a t  t h e  no tches   i n  it. 

The source  assembly is then  welded  to   the  mounting 
s l e e v e   w i t h   t h r e e  20 gauge n i c k e l  wires ben t  i n  the  form 
shown i n   F i g .  37 .  The a x i a l  symmetry should   be   re ta ined  
as c l o s e l y  as p o s s i b l e .  When t h i s  is completed  the 
assembly  should resemble the  photograph of F ig .  39 .  

A t  t h i s   po in t   t he   a s sembly   shou ld   be   t ho rough ly  
c leaned   wi th  a good d e t e r g e n t ,   p r e f e r a b l y   i n  an 
u l t r a s o n i c   c l e a n e r ,   a n d   r i n s e d   w i t h   a l c o h o l .  A f t e r  

c l ean ing ,  it should  only  be  handled  with  white  gloves.  
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Assembly to   t he   quadrupo le .  - The C C I S  assembly is 
d e s i g n e d   t o   s l i p   o v e r   t h e   e n d  of the   quadrupole   suppor t  
c y l i n d e r   i n   p l a c e   o f   t h e   h o t   c a t h o d e   s o u r c e .   F i r s t  
t he   w i r ing  t o  the   o r ig ina l   source   mus t   be  removed  and 
then   the   source  w i l l  s l i p   o f f   t h e   e n d  when the   fou r  
screws i n  the  quadrupole  tube are loosened.  A new 
e n t r a n c e   a p e r t u r e  is added,  Fig.  46, t o   r e p l a c e   t h e  
aperture   which i s  p a r t   o f   t h e   o r i g i n a l   s o u r c e .   T h i s  
p i e c e   s l i p s   i n t o   t h e   q u a d r u p o l e   t u b e  down t o   t h e   s h o u l d e r  
and i s  he ld  i n  p l a c e  by two n i c k e l  wires spot   welded 
t o   t h e   o u t s i d e  rim of   the   aper ture   and   then   bent  
around two of  the  loosened screws, which are then 
t i gh tened  (see F ig .  37) . The C C I S  s l o t t e d   s l e e v e  
s l ides   over   the   quadrupole .  The second  cathode  should 
be  spaced  from  the  entrance  aperture  about 0 . 0 9 0  

i n .  The s l eeve  is h e l d   i n   p l a c e  by t h e   o t h e r  two 
screws wi th  # 8  f l a t  w a s h e r s   ( s t a i n l e s s  s teel)  t o  clamp 
t h e   s i d e s  of the  s l o t .  

The t h r e e   l e a d s  to t h e  C C I S  - one to   each   ca thode  
and  one t o   t h e  anode - are sh ie lded .   Py rex   g l a s s   t ub ing  
i s  ben t   t o   t he   shapes  shown i n   F i g .  47 and a b i f i l a r  
winding of #26 O r  # 2 8  bare  OFHC copper wire is wound 
ove r   t he   t ub ing  t o  fo rm  the   sh i e ld ing .  The l e a d s  
( n i c k e l )  are spot   welded   to   the   e lements   and   to   the  
f eed th ru   t e rmina l s .  The s h i e l d i n g  i s  grounded a t  t h e  
b a s e   p l a t e .  

The connec to r   p l a t e ,  (Item 6, EA1 Drawing 4054300244) 
mounted  on the   ou t s ide   o f   t he   basep la t e  is removed  and 
t h e  new p l a t e   F i g .  53 w i t h   t h r e e   a d d i t i o n a l   c o a x i a l  
connectors  is i n s t a l l e d .  
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Operation 

Equipment  rqquired. - Figure 17  is a block  diagram 
of   the   equipment   requi red   for   ion   count ing   s tud ies   and  
fo r   dc   ana log   r eco rd ing  of mass s p e c t r a .  The ope ra t ing  
e l e c t r o n i c s  is an  Ultek/EAI Model 200 Quadrupole  system. 
The FU?/DC generator   and  associated power s u p p l i e s  were 
not   modif ied  except  t o  de r ive  a sweep vol tage  propor-  
t i o n e d   t o  mass f o r   d r i v i n g  the  X-axis  of  the X-Y recorder .  
I n  t h e  case  of the U l t e k / E A I  quadrupole t h i s  is obtained 
a t  a t e s t - p o i n t  labelled, "TP-3"  on the RF/DC genera tor  
sweep c i r c u i t   d i a g r a m .  The mass scan  vol tage  suppl ied 
t o  the X-Y r eco rde r  is the same whether  the  quadrupole 
sweep genera tor  is ope ra t ed   i n  the manual or   au tomat ic  
mode. 

~~~ 

The power s u p p l i e s   r e q u i r e d   t o   o p e r a t e  the C C I S  

(anode  and  re tarding  vol tages)  and the  e l e c t r o n   m u l t i p l i e r  
are commercial   uni ts .  The appropr i a t e   vo l t age  and c u r r e n t  
r a t ings   a r e   no ted   s imply   a s   gu ide   l i nes   fo r   s e l ec t ion  
of   su i tab le   equipment .  Well regula ted   suppl ies   should  
b e   u s e d ,   p a r t i c u l a r l y   f o r   t h e  C C I S  anode  voltage 
t o  minimize random n o i s e   i n  t he  cold-cathode  discharge.  

The dc analog  e lectrometer   should be capable  of 
measuring  currents   of   the   order   of  1 x 1 0  amperes . 
Although  no t   abso lu te ly   necessary ,  a v a r i a b l e  time- 
cons t an t  is a g e n e r a l l y   d e s i r a b l e   f e a t u r e   t o   h a v e   i n  
the instrument .  A l i n e a r   e l e c t r o m e t e r  is a l s o   p r e f e r a b l e  
t o  a logari thmic  instrument   because of i ts  g r e a t e r  
accuracy  of  reading. 

-14 

143 



The  pulse  counting  equipment  used is also  somewhat 
flexible. In general,  the  counting  equipment  must  be 
able  to  record  a  wide  range of pulse  amplitudes  from 
< 1 to 25 millivolts,  depending on multiplier  gain. A 

unit  voltage  gain  pre-amplifier  is  essential to couple 
the  output of the  multiplier to the  counting  equipment. 
A very  short  (low  capacity)  coaxial  cable  should  be used 
to  couple  the  multiplier  output  to  the  pre-amplifier. 
This  is  necessary to preserve  output  pulse  amplitude, 
which is, of course,  dependent on the  output  capacity 
seen by the multiplier. The output of the  pre-amplifier 
then  can  drive  the  longer  cable to the  counting  equipment 
without loss of pulse  amplitude. 

The  counting  equipment  may  be a.s simple or complex 
as desired. In our experiments,  a  simple  combination 
of typical  nuclear  counting  equipment was employed; 
a  non-overloading  pulse  amplifier/discrfminator  was  used 
to  amplify  the  millivolt  pulses  to  an  amplitude  sufficient 
to  trigger  the  scaler-counter. The linear  pulse 
amplitude  discriminator  [built  into  the  amplifier)  was 
used to discriminate  against  undesired  noise  and to study 
pulse  height  distributions  of  signal  and  noise.  While 
much  more  sophisticated  equipment  (pulse  height  analyzers 
and  counters  equipped with digital  print-out)  may  be  used 
if  available,  the  simpler  equipment  will  yield  the  main 
body of experimental  information  required in the  study 
and use of ion-counting  techniques  as  applied  to UBV 

RGAS . 
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S t a r t  up procedure.  - When the   un i t   has   been  pumped 
down t o  a pressure  below lom6 Torr, the   source  may 
be s t a r t e d  and the other vol tages   appl ied .  The s t a c k  
of  magnets is  s l i d  on  over  the narrow end of the  
housing  (about 1 i n .  beyond  the  end)  and 2 0 0 0  vol t s  
appl ied   to   the   anode .   In   o rder  t o  p r o t e c t  the source 
and  power  supply it is  prudent  t o  i n s t a l l  a l a r g e  1 0 0  
megohm res is tor i n  series with  the  anode  lead  and 
increase the vol tage  s lowly.   I f   an arc does  occur,  
no  damage w i l l  r e s u l t .  A picoammeter can be-wired  
to  the f irst  cathode c i rcu i t  a s  a p r e s s u r e   i n d i c a t o r ,  
b u t  this is n o t  necessa ry .   I f   t he   p re s su re  is very 
low (10  -’ T o r r   o r  l ess ) ,  the  ahode  voltage may be 
i n c r e a s e d   t o  4 - 5000 v o l t s   f o r   e a s i e r   s t a r t i n g .  

When ion   cu r ren t   appea r s  on the  picoammeter  or 
i n   t he   quadrupo le   ou tpu t   a t   z e ro   mass ,   t he  manual  peak 
s e l e c t o r  is tuned t o  a peak. The magnet   posi t ion is  
a d j u s t e d   f o r  maximum peak   he ight .  At very low p r e s s u r e s  
th i s   p rocess   can  be  troublesome  because the  discharge 
may ex t ingu i sh  itself occas   iona l ly  when the  magnet is 
moved. I f   p o s s i b l e ,  it is  e a s i e r   t o   p e r f o r m   t h i s  
adjustment a t  h ighe r   p re s su res .  

Operat inq  parameters .  - Al though   h ighe r   s ens i t i v i ty  
is  obta ined  a t  h igher   anode   vo l tages ,   the   bes t   s igna l -  
t o - n o i s e   r a t i o  is ob ta ined   a t   app rox ima te ly  1000  v o l t s  
(see p rev ious   d i scuss ion ) .  A t  very low p r e s s u r e s  where 

e l e c t r o n   m u l t i p l i e r  and  picoammeter  noise  are  high it 
may be  advantageous t o  increase  the  anode  voltage  and 
r e d u c e   t h e   g a i n   a t   t h e   d e t e c t o r .  There a r e   a l s o   p o i n t s  
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i n  the o p e r a t i n g   p r e s s u r e   r a n g e ,   p a r t i c u l a r l y   a b o u t  
i o Torr  where the   d i scha rge   i n   t he   sou rce  w i l l  o s c i l l a t e ,  

caus ing   no i se   i n   t he   ou tpu t .  The p o i n t   o f   o s c i l l a t i o n  
can  be a l tered by changing  the  anode  voltage.  The 
c a t h o d e   o r   r e t a r d i n g   v o l t a g e  is n o t  c r i t i c a l  and may 
be   ad jus t ed   fo r  the b e s t   r e s o l u t i o n  and s e n s i t i v i t y .  
The o p e r a t i o n a l   c h a r a c t e r i s t i c s  of t h i s   p a r a m e t e r   a r e  
e x p l a i n e d   i n   t h e  ear l ie r  s e c t i o n s   o f   t h i s   r e p o r t .  

The recommended o p e r a t i n g   v o l t a g e   f o r  the m u l t i p l i e r  
w i l l  depend  on  the  use  requirements  and  on the  cond i t ion  
o f   t he   mu l t ip l i e r .   Fo r  a new m u l t i p l i e r ,   t h e   o p e r a t i n g  
vol tage   should  be as low as p o s s i b l e   t o   e s t a b l i s h   a d e q u a t e  
dc c u r r e n t   s e n s i t i v i t y   f o r   t h e  antfcTpated p r e s s u r e  
range.  For pu l se   coun t ing ,   t he   vo l t age   shou ld   be  
l i m i t e d   t o   t h e   v a l u e   r e q u i r e d   t o   c o u n t  a l l  i o n s   a t   t h e  
minimum d i sc r imina t ion   l eve l   o f   t he   coun t ing   equ ipmen t .  
I f  t h i s  1 0 0 %  count ing   e f f ic iency   cannot   be   ob ta ined  w i t h -  
ou t   exceeding  the  maximum recommended vol tage  on a new 
mul t ip l i e r ,   add i t iona l   ga in   shou ld   be   ob ta ined   i n   t he  
counting  equipment.   Preamplif  iers are commercially 
a v a i l a b l e   w i t h   a d d i t i o n a l   g a i n   f a c t o r s  of 1 0  and 1 0 0 .  
As the  multiplier ages  and  the  gain  decl ines  the  vo l t age  
may be i n c r e a s e d   t o   c o u n t e r a c t   t h e  loss i n  ga in .  When 
o p e r a t i n g   a t   h l g h   p r e s s u r e s ,  care must  be taken  t o   p r e v e n t  
the   mul t ip l ie r   cur ren t   f rom  exceeding   approximate ly  
amperes. If t h i s   p r e c a u t i o n  i s  not   observed  a permanent 
ga in  loss  may occur.   For  most  purposes,  a vo l t age  
between 2600 and 3 0 0 0  v o l t s  w i l l  s u f f i c e  (new m u l t i p l i e r )  
for   both  count ing  and  dc  measurements .  
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Opera t ion  of the quadrupo le   e l ec t ron ic s  is d i scussed  
i n   t h e  E A 1  manual. The d i a l   s e t t i n g s  which were 
gene ra l ly   u sed  are as fo l lows:   Resolu t ion  4.95; Center  
Mass ( fo r   au tomat i c   ope ra t ion )  4.07; Sweep width  10.00; 
Coarse  Sweep-slow, f i n e  sweep  9.10,  and Mass range-low. 
When the picoammeter i s  o p e r a t i n g  a t  maximum g a i n   t h e  
f i n e  sweep c o n t r o l  w i l l  have t o  be r educed   i n   o rde r   t o  
compensate  for the slow speed of   response  of   the 
picoammeter. 

Bake o u t .  - The quadrupole w i t h  the  C C I S  is capable  
of   wi ths tanding   bake   ou t   t empera tures  up t o  40OoC.  To 
ob ta in   ex t r eme ly  low p r e s s u r e s ,  bake out   of   the   complete  
sys tem  for   per iods   o f  8 hours  and  longer i s  necessary .  
A t  i n t e rmed ia t e   p re s su res  some systems w i l l  r each  the 
requi red   p ressure   wi thout   bake   ou t .  However,  bake o u t  
of t h e  spec t rometer  w i l l  i n su re   c l ean l ines s   o f   t he  
ins t rument  so t h a t  measurements w i l l  r e f lec t  t h e   g a s   i n  
the system  rather   than  gas   emanat ing  f rom  the walls of 
the spec  trome te  r . 

For  bake  out it is n e c e s s a r y   t o  remove the  connector 
p l a t e   ( F i g .  53) because   t he   i n su la t ion   i n   t he  BNC 

connec tors  w i l l  no t   wi ths tand   the   t empera ture .  The 
magnet  should also be removed. 

The u n i t  as described  above has opera ted   wi th   ex-  
c e l l e n t   r e s u l t s  a t  p r e s s u r e s  down t o  1 0  Torr .  L i t t l e  
t roub le   shou ld  be e x p e r i e n c e d   i n   d u p l i c a t i n g   t h i s  
a d a p t a t i o n  i f  good u l t r a h i g h  vacuum p r a c t i c e s  are 
followed. 

-12 
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PARTS LIST FOR COLD 

I t e m  

Cathode  rod 

Anode 

Anode Re ta ine r  

Kovar t o   g l a s s   i n s u l a t o r  

Sleeve 

A p e r t u r e   p l a t e  

S h i e l d e d   i n s u l a t i o n  

Auxi l ia ry   ca thode  

Cathode # 1 

Cathode #2 

Housing 

M o d i f i c a t i o n   t o  
Quadrupole  housing 

Modi f i ca t ion   t o  
Quadrupo le   l ead   p l a t e  

Sapphire  bal ls  

(15 ) Magnets 

CATHODE I O N  

Reg. 

1 

1 

1 

6 

1 

1 

1 set  

2 

1 

1 

1 

1 

1 

3 

5 

SOURCE 

F igure  # 

41 

42 

43 

44 

45 

46 

47 

45 

49 

50 

51 

52 

53 

5/32 diam.  Adolf 
Meller Co. , 
Providence,  &ode 
I s l a n d  

Indiana  General  
Corp., #F5916 
magnet ized   ax ia l ly  
i n  one   s tack .  
Va lpa r i so ,   Ind iana .  

(16) Dage 3651-2 connectors  3 

Figure  36 - Parts L i s t  
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Figure 37.- Exploded  view of CCIS/Quadrupole 



K1 lead  spot  welded  to  rim of K1 

 lead spot  welded  to 
bead  wire 

Anode  lead 

Bifilar  shielding 

Ceramic  spacer 

Inside  view of 
baseplate 

Quadrupole  lead 
/ (original  equipment) 

E J F l a n g e  1 
baseplate 

I I 

Figure 38 - Lead  Assembly 
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Fig. 39 
ASSembly CCIS Quadrupole 

Fig. 40  

Lead Assembly CCIS Quadrupole 



/-'.058 

"+ 

. .  
' 16 ' 

MAT'L - 304 SS 
POLISH  ALL  SURFACES  FREE OF MACHINE 
MARKS AND OTHER  IMPERFECTIONS 

SPHERICAL RAD. 

Fig. 41  Cathode  Rod 
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/-.0g9 

* O g 8  DIA. - 3  HOLES EQ SPACED 

I l l  

I l l  t 

1 mQ'D. 
MAT'L -304 S.ST'L 

POLISH ALL SURFACES FREE OF 
MACHINE MARKS AND  OTHER 
IMPERFECTIONS 

Fig. 42 Anode 
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P 
cn 
1p 3 HOLES - .098/.099 DIA. 

\ 
3 CUTOUTS 64 R. 

/ 

t ' ' I  16 16 
5 b L l  

NOTES - 
* 
YHESE DIA'S. TO BE CONCENTRIC 
WITHIN .001 T1R 

POLISH  ALL  SURFACES  FREE OF 
MACHINE  MARKS  AND  OTHER 
IMPERFECTIONS 

0'. TYP. 

t 

% Y 

MATL. - 304 SS 

Fig. 43- Ancde Retaining Cylinder 



-- 

8 
6 Req'd. 

NOTES 

1. .028 = #22 GA. KOVAR W I R F :  

2. GLASS TO  METAL  SEALS  MUST  BE 
BUBBLE  FREE  TO  PREVENT 
VIRTUAL  LEAKS  (GAS  TRAPS) 

Fig.  4 4  Kovar t o  Glas s   In su la to r  
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k"2.20 - rt.03 

1. ALL MACH SU FACES TO HAVE 
FINISH BETTER 

2. POLISHED SURFACE TO BE APPLIED 
BY NRC  TECHNICIAN 

I- 4 SLOTS  90'  APART - 3 3 0  WIDE 

MATERIAL: 304 S,S. 

1 REQUIRED 

Fig. 4 5  Sleeve 



@ METEX ELECTRONICS CORP 
TUNGSTEN W I R E  MESH 
#.001R130W 5 1 / 2  

I 

MAT'L - 304 SS 

NOTES 
" 

1.. OVERALL MACH. FINISH TO BE 5 .  SPOT WELD WIRE MESH (ALL  STRANDS) 
,3 2/ OR BETTER TO INNER  RING OF #20 (,031) PURE 
v 

2.  DO NOT -RADIUS EDGES, BREAK ALL 
SHARP EDGES  WITH  STONE. 

3 .  POLISH SURFACE TO BE APPLIED 
BY NRC TECHNICIAN. 

I"' 4.  1 ~ E Q .  ~ ~ D I M . A ~ ~  PLATE #1 . , ~ 0 0 ~ ~ 0 0 2  
ul 
4 

NICKEL  WIRE  INNER  RING TO SNAP 
I N S I D E  OUTER RING 

Fig. 4 6  A p e r t u r e  Plate  



r 
UI 
m 

1 

1 z 

1. PYREX TUBING - 3 MM OD 3 CENTER. CONDUCTOP. -016'' DIAMETER. NICKEL WIRE 

2 .  # 2 4  GA.  BARE CU WIRE - ALLOW 1%" EXTRA FOP. GROLINDING - OPEN ENDS 

Fig. 47 Shlelded I n s u l a t l o n  for Leads 



- 
6 4  RAD. TYP. 

11.003 
1.400 
DIA. 

k . 0 0 3  
1.175 1 

DIA. 

.010 

7 rt:. 003 
-.040 

. 914?. 003 - 

-IC . 070rt:. 003 

DE-BURR ALL EDGES  VERY  CAREFULLY 
ELECTRO-POLISH ENTIRE PIECE 

MAT'L - NICHROME X SHEET', .010" THICK 
" 

Fig. 48 Auxiliary  Cathode 
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+. 055- +. 003 

r i  
/( 

-4" 

1 . 2 0 0 -  
D I A  

+. 003 

MAT.-NICHROMEX 
.010 THX. NOTE 

DE-BURR ALL  EDGES VERY CAREFULLY 

ELECTROPOLISH  ENTIRE  PIECE 

F ig .  49  C a t h o d e   E n d  P la te  

-. 030 @ 

i 
" 

T.045 

3 "V" GROOVES 
EQ SPACED 
AROUND RIM 



METEX ELECTRONICS  CORP. 
TUNGSTEN WIRE MESH I I  

I 
NOTE. 
" 

1; DE-BURR ALL EDGES VERY CAREFULLY 

ELECTROPOLISH  ENTIRE  PIECE. 

2, SPOT WELD MESH TO INNER  RING  OF 

0 , 0 3 1  NICKEL  WIRE 

MAT.-NICHROMEY 
.010 THK. 

\3 "V" GROOVES 
SPACED AROUND 
RIM. 

F ig .  50 C a t h o d e   E n d  Plate  



ULTEC CURVAC FLANGE 2"  TUBE 
FLANGE # 4 8 - 2 0 6  BLANK INSERT 

HELIARC WELD OUTSIDE 

- 1 1 1 1 ,  I ,  I , ,  , I I / / / / / / /  / . /  

N I I  

k2 I I  
I I  

1 REO'D - 3 0 4  SS 

- 0 6 2  - 

2 x  

Fig. 51 CCIS Housing 



REMOVE EXISTING 1; ULTEK FLANGE 
FROM TUBE. G R I N D  OUT WELD, 
LEAVE AS MUCH OF TUBE  AS POSSIBLE. 

304 SS TUBING - 17 
00 X . 0 6 2  WALL - 
CUT  TO F I T  CONTOUR 
BEFORE  WELDING. 

ULTEX  FLANGE # 4 8 - 1 5 6  
2 INSERT  #48-187 

ALL FJELDS TO BEVACUUM TIGHT. 

CLEAN I N  ACID  PICKLING  SOLUTION 
2 5 %  HNO3, 3% HF, 72% H20 

Fig .  52 - CCIS Housing Modification 



AF .380 DIA.  
7 HOLES - AS SHOWN 

(SEE DETAIL) 

MATERIAL ALUM 2024-T3 

F i g .  53 L e a d  Plate 



CONCLUSIONS 

The cold-cathode iorr source/quadrupole mass spec t ro -  
meter is a p r a c t i c a l   l a b o r a t o r y   i n s t r u m e n t   f o r   t h e  
a n a l y s i s   o f   r e s i d u a l   g a s e s  i n  UHV systems. I t  is charac- 
t e r i z e d  by a l a r g e   i n h e r e n t   s e n s i t i v i t y  and by i ts  
r e l a t i v e   s p e c t r a l   c l e a n l i n e s s   u n d e r   v e r y   h i g h  vacuum 
cond i t ions .  

The cold-cathode  ion  source  employed  has  been 
shown t o  be   capable   o f   p roducing   re la t ive ly   in tense  
beams of low ene rgy   i ons   su i t ab le  for a n a l y s i s  by 
larger   quadrupole   instruments .   In   the  present   work,  
t he   ach ieveab le   s ens i t i v i ty   and   r e so lu t ion  are some- 
what   l imi ted  by the  dimensions  and  operat ing  para-  
meters of the   spec i f ic   quadrupole   used .  

The i n v e s t i g a t i o n  of ion   count ing   techniques  
in   con junc t ion   w i th   t he  CCIS/Quad has   demonst ra ted   tha t  
improved  ion  detectors  can be  designed  and  bui l t   wi th  
g r e a t e r   i n h e r e n t   s t a b i l i t y  and S / N  r a t i o .  These 
techniques  can  be  readi ly   adapted t o  magne t i c   de f l ec t ion  
ana lyze r s .  I n  the case of   in - l ine   ana lyzers   such   as  
t i m e  o f   f l i g h t  and   quadrupo le   i n s t rumen t s ,   e l ec t ros t a t i c  
de f l ec t ion   o f   t he   ana lyzed   i on  beam i s  recommended t o  
reduce   photon   s t imula t ion  of t h e   e l e c t r o n - m u l t i p l i e r .  

F i n a l l y ,   t h e  UHV performance  of  the  instrument  has 
shown t h a t   t h e   p a r t i a l   p r e s s u r e   r e s p o n s e   c h a r a c t e r i s t i c s  
of   the   ins t rument  are in   agreement   wi th   p rev ious ly   publ i shed  
d a t a   f o r   n i t r o g e n .   F u r t h e r  work is recommended t o   d e f i n e  
t h e   p a r t i a l   p r e s s u r e   s e n s i t i v i t y   f o r   o t h e r   g a s e s  i n  t h e  
UHV r e g i o n .   I n   t h i s   r e g a r d ,   t h e  use of  molecular beam 
c a l i b r a t i o n   t e c h n i q u e s  may prove more a p p r o p r i a t e  i n  
d e f i n i n g   t h e   p a r t i a l   p r e s s u r e   r e s p o n s e   f o r   o t h e r   g a s e s .  
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APPENDIX  A 

FEASIBILITY  STUDY ON THE  DESIGN  AND 
DEVELOPMENT  OF  A  COLD-CATHODE  ION  SOURCE 

By  F.  L. Torney, Jr, and P. Fowler 
Norton  Research  Corporation 

SUMMARY 

An  experimental  cold-cathode  ion  source  of  the  magnetron 
type  has  been  designed,  built  and  tested.  The  source  has  been 
operated  at  a  sensitivity  approximately 1500 times  larger  than 
conventional  hot-filament  mass  spectrometer  ion  sources.  The 
total  spread  in  ion  energies  appears  to  be  perfectly  compatible 
with  the  requirements  of  a  quadrupole  mass  analyzer,  Further 
improvements  in  sensitivity  are  anticipated.  The  ion  current 
appears  to  be  a  linear  function  of  pressures  over  the  range 
l o B 9  to l o e 6  Torr, Some  difficulty  has  been  encountered  with 
an  internally  trapped  gas  source  of  unknown  origin. 

It has  also  been  found  that  the  ions  are  readily  extracted. 
€rom the cold cathade  discharge by  providing  a  .relatively  weak  ac- 
celerating  electric  field  at  the  exit  cathode,  The  electron 
component of the  extracted  beam  can  be  minimized  by  proper 
choice of this  accelerating  potential, 

The  ion  beam  emerging  from  this  cold-cathode  ion  source  is 
characterized  by  a  relatively  large  spread  in  ion  energy,  angular 
separation  and  cross  sectional  area,  Because of its  unique 
tolerance for  these  characteristics,  the  quadrupole  mass  filter 
has  been  chosen  as  the  most  suitable  analyzer  for  use  with  this 
type  of  source. 
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Various  modes of mass  scanning  may  be  chosen  in  operating 
the  quadrupole  analyzer,,  The  mode of constant  line  width  scan 
has  been  chosen  most desirable, A thorough  study of the  theory 
of operation of the  quadrupole  has  resulted  in  a  tentative  de- 
sign of quadrupole  with  the  following  characteristics: 

Mass  range: 2 to 100 amu 

Resolution  over  mass  range: 1 amu 

Transmission  efficiency  over  mass  range:  100% 

Entrance  ion  beam  diameter: 1,8 mm 

Radius, r, of  circle  inscribed  inside  rods: 2 

Rod  radius: 2,32 cm - + 1/4% 

Rod  length: 25 cm 

Frequency: 1,,1 megahertz - + 1/4%  stability 
Rf  voltage: 3500 volts  (max,) 

Rf power; 56 watts 

Axial  spread in beam  energy: 31,5 eV 

Maximum  entrance  angle  of  beam: 15' max, 

cm + 1/4% - 

The  problem of focusing  the  ion  beam  into  the  quadrupole  has 
also  been studied, Various  lens  designs  have  been  considered 
which  will  focus  the  beam  without  increasing  its  energy, Toupling 
the  output of the  source  to  the  input  of  the  analyzer  has  also 
been  studied,  since  the  effects of transitional  electric  fields 
between  the  source  and  analyzer  are  noticeable, 

The  ion  detector  located at the  output  of  the  analyzer 
section  has  also  been  studied,  For  partial  pressures to 
Torr,  a  normal  electron  multiplier or a  vibrating  reed  electrometer 
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have  sufficient  sensitivity.  The  minimum  detectable  partial 
pressure  may  be  decreased  by  recourse to a  pulse-counting 
technique  using  an  electron  multiplier.  However  a  more  satis- 
factory  detector  may  be  the  resistance  strip  magnetic  electron 
multiplier  which  should  allow  one  to  measure  partial  pressures 
to Torr, using  continuous  current  techniques. 

INTRODUCTION 

The  measurement of residual  gases in ultra  high  vacuum  (UHV) 
is  rapidly  becoming  a  problem of sizable  importance  in  vacuum 
instrumentation  for  space  research.  While  some  improvements 
have  been  made  recently in partial  pressure  measuring  instruments 
(mass  spectrometers),  two  fundamental  problems  still  have  not 
been  adequately  solved  for  present  and  future  requirements. 
First, these  mass  spectrometers  employ  inherently  low  sensitivity 
ionization  sources  of  the  hot-filament  type.  Sensitivity  im- 
provements  are  herein  only  possible  at  the  output  of  the  analyzer. 
Second,  these  sources  produce  undesired  spectra of the  gases 
residual  to  the  spectrometer  rather  than to the  system  under 
study. This  undesirable  characteristic  further  reduces  the  ef- 
fective  sensitivity of the  measurement. 

Cold-cathode  ionization  sources, on the  other  hand,  have 
a  much  higher  sensitivity  and  at  the  same  time  are  less  likely 
to  generate  disturbing  amounts of spurious  gases  during  operation. 
Cold-cathode  ionization  sources,  therefore,  offer  promise of im- 
provement in UHV mass  spectrometry. 

The  overall  performance of an UHV mass  spectrometer  depends 
on the  individual  characteristics of its  three  basic  components: 
the  ion  source,  the  mass  analyzer,  and  the  ion  detector.  The 
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First  section of this  report  discusses  the  development of a 
high  sensitivity,  cold-cathode  ion source. The  next  section 
discusses  the  selection  and  design  criteria  of  the  most 
suitable  analyzer  for  use  with  this source. The  last  section 
discusses  the  choice of an  ion  detector  to  be used with  the 
source and  analyzer. 
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APPENDIX "A" SYMBOLS AND ABBREVIATIONS 

first  aperture 

second  aperture 

first  auxiliary  cathode 

second  auxiliary  cathode 

total  capacitance  (farad 

maximum  allowable  ion  beam  size  (meter) 

collector  current  (amperes) 

second  aperture  current  (amperes) 

first  cathode  current  (amperes) 

cathode #1 

cathode #2 

length of quadrupole  rods  (meter) 

pressure  (Torr) 

power  dissipated  in the  quadrupole 
output tank  circuit (watts) 

figure  of  merit  for rf tank  circuit 

radius of circle  inscribed  within  rod 
structure  (meter) 

maximum  allowable  axial  ion  energy  (eV) 

maximum  allowable  transverse  ion  energy 
(ev) 
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V 

vK 2 

%ax 

0 

V 

peak  rf  voltage  (volts) 

maximum  allowable  axial  velocity  (m/sec) 

first  cathode  potential  (pusher  potential, 
volts) 

second  cathode  potential  (extractor 
potential,  volts) 

maximum  allowable  transverse  velocity 
(m/sec 1 

maximum  allowable  ion  entrance  angle  (rad) 

rf  frequency (Hz) 
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COLD-CATHODE I O N  SOURCES 

Cold-Cathode  Discharges - General 
The  relatively  high  sensitivity  of  the  cold-cathode  dis- 

charge  vacuum  gauge is due  to  two  important  physical  charac- 
teristics. First,  the  ionizing  electrons  are  efficiently 
trapped  in  crossed  electric  and  magnetic  fields.  This  trap- 
ping  prevents  electron  escape  until  ionization  has  occurred. 
Secondly,  the  discharge  process  produces  an  abundant  supply 
of secondary  electrons  which  are  primarily  responsible  for  the 
ionization.  Both  mechanisms  therefore  produce  a  relatively 
large  ionization  current,  without  the  aid  of  thermionic  electron 
emitters. 

As a  result of the  expanding  interests  in  cold-cathode 
discharge  devices  for  the  production  of  high  vacuum  and  its 
measurement,  a  number  of  different  types of discharge  configura- 
tions  have  been  devised,  These  generally  can  be  grouped  in 
four  categories,  according  to  the  mechanical  arrangement of 
their  electrode  structures,  as  follows: 

(1) Magnetron  type  (ref,  Al) - Central  cathode,  coaxial 
anode,  auxiliary  cathodes.  Magnetic  field  axial  to 
anode  cylinder,  Magnetic  and  electric  fields  per- 
pendicular. 
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(2)  Inverted  magnetron  type  (ref.  A2) - Central  anode, 
coaxial  cathode  and  auxiliary  cathodes,  Magnetic 
field  axial  to  cathode  cylinder.  Magnetic  and 
electric  fields  perpendicular. 

(3) Penning  discharge  (refs, A3-A9). - Similar  to  type 
1 but  without  auxiliary  cathodes,  Magnetic  and 
electric  fields  perpendicular. 

( 4 )  Philips  gauge - Central  anode  loop,  two  cathode 
plates  either  side of anode.  Magneric  and  electric 
fields  roughly  perpendicular.  A  simplified  version 
of the  Penning  discharge. 

The  choice of the  best  discharge  configuration for the  mass 
spectrometer  application  was  not  entirely clear-cu.L. The  Philips 
gauge  type  was  rejected  because of its  poor  electron  trapping 
and  because of its  poor  "starting"  characteristics,  The  output 
of the  Penning  discharge  is  known  to  be  a  non-linear  function of 
pressure  (refs, A10, All, A20). Relatively  large  discontinuities 
have  also  been  observed in its  response  characteristics. For 
these  reasons, it was  also  rejected,,  The  inverted  magnetron  is 
inherently  less  sensitive  than  the  magnetron  gauge  and it is 
also  non-linear  over  all of its  operating  region so far  inves- 
tigated  (refs, A2, A13). It  also  requires  a  much  larger  magnetic 
field to operate  satisfactorily.  The  magnetron  type  has  the 
highest  sensitivity,  but  it  also  displays  a  marked  change in its 
response  characteristics  below 2 x 1O"Io Torr  (nitrogen)  (refs. 
A12, A13). It  also  displays  small  discontinuities  in  its  pres- 
sure/current  characteristic,  Therefore  the  choice  between  the 
inverted  and  normal  magnetron  configuration is a  close oneo 
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Figure A-1.- Normal Magnetron Cold Cathode  Ion Source 



It is  well  known  that  ions  may  be  extracted  from  cold- 
cathode  discharges  either  from  the  anode  or  from  the  cathode 
(refs, A14-A21). A preliminary  decision,  therefore,  was  re- 
quired on this  problem  before  design of an experimental  source 
could  be  started. 

It was  decided  to  construct an experimental  source  which 
would  permit  a  relatively  simple  conversion  to  either of the 
following: (1) normal magnetron - ion  extraction  from  one 
cathode  or ( 2 )  inverted magnetron - ion extraction  from  the 
anode, It was  also  decided  to  investigate  configuration (1) 
first,  This  decision  was  based  largely on previous  experience 
with  ion  sources and gauges of this  type. 

The  complex  nature  of  cold-cathode  discharges in crossed 
electric  and  magnetic  fields  has  stimulated  some  investigators 
to  formulate  simplified  theories  useful in predicting  certain 
characteristics of these  discharges.  However, no theoretical 
treatment  has yet been  published  which  may  be  used to predict 
completely  the  discharge  characteristics  important to this 
effort,  Therefore,  construction  of an experimental  ion  source 
is  presently  the  only  practical  method of determining  the 
feasibility  of  the  approach. 

Experimental  Ion  Source  Design 

The  mechanical  construction of the  experimental  ion  source 
is  shown in Fig. A-1. Figures A-2 and A-3 show  detailed  views 
of the  source  and  its  parts. 

This  design  incorporates  a  number of features  which  are 
not  readily  apparent in these  figures: 
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View of Anode  End of Source - 1s t  Cathode (K1) 

View of Anode End 01 Source - Anode (A) 

Figure A-2 
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View of Extractor End of Source (AK2, K2, Al) 

Exploded View - Ion Source  and Magnets 

Figure A-3 



(1) The  ion  source is designed to be  baked  at  temperatures 
of 600OC.  Gold wire seals  and  high  temperature  in- 
sulators  are  used to insure  the  seal  integrity  at 
these  high  temperatures, 

(2) The  magnetic  circuit is designed  to  provide  magnetic 
fields  up to 2000 gauss, To obtain  this  large  field 
strength  with  small  magnets,  the  gap  is  reduced by 
locating  the  poles  inside  the  source  and  decreasing 
the  gap  as  much  as  possible. 

( 3 )  Careful  attention  has  been  paid  to  the  elimination 
of all  gas  traps  (virtual leaks). 

(4) Guard-ring  techniques  have  been  employed in mounting 
all source  elements  to  minimize  electrical  leakage 
currents, 

(5) The  second  cathode ( K 2 )  serves  a  double  purpose,  It 
is a  combined  cathode  and  ion  extractor, 

(6) The  ion  exit  hole  in K2 is  purposely  made  small  to 
extract  only  the  lower  energy  ions  from  the  dis- 
charge 

(7) All  materials  have  been  carefully  chosen  to  be  com- 
patible  with UHV practice,  This is particularly  true 
of the  moly-permalloy  magnet  pole  pieces, 

Theoretical  Considerations 

Knauer  has  shown  (ref.  A16)  that  two  broad  spectra of ion 
energies exist simuitaneously  within  a  discharge of the  Penning 
type,  These  ions  are  readily  extracted  through  an  exit  hole on 
the  axis of the  discharge.  The  more  energetic  ions  emerge  from 
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the  discharge at relatively  large  angles  with  respect to the 
discharge  axis.  Ions  of  lower  energy  emerge  at  much  smaller 
angles  (nearly  along  the  axis). 

These  results  are  of  particular  importance to any  consider- 
ation  of  the  use of a  cold-cathode  ion  source  for  mass  spectro- 
metry.  Mass  analyzers  (magnetic,  in  particular)  are  intolerant 
of ion  beams  with  a  large  spread in ion  energy  and  entrance 
angle. Due consideration  must  be  given to both  these  character- 
istics of the  ion  beam  emerging  from  a  cold-cathode  source. 

The  higher  order  ion  energies  noted by  Knauer  would  ac- 
centuate  the  problem  of  focusing  and  collimating  the  ion  beam 
before  analysis.  Therefore,  the  experimental  ion  source  shown 
in  Fig. A - 1  has  been  designed  to  accept  only  the  on-axis,  low 
energy  components of the  discharge. 

Since  the  energy  and  entrance  angle of ions  leaving  the 
source  are of great  importance to the  analyzer,  particular  at- 
tention  must  also  be  given  to  the  method of extracting  these 
ions.  Any  method  which  produces  a  pronounced  increase  in  the 
energy  of  the  beam  will  complicate  the  focusing  and  collimation 
of  the  beam.  The  resulting  beam  (after  collimation)  may  be  too 
energetic  for  a  reasonably  sized  analyzer  to  analyze  properly. 
In  this  case  retardation  of  the  beam  is  necessary  before  analysis 
would  be  feasible. 

The  extraction  method  employed in this  experimental  source 
is  simple  and  direct.  The  voltage on the  exit  cathode ( K 2 )  is 
made  slightly  negative  with  respect to the  opposite  cathode  and 
a  small  potential  gradient  is  therefore  provided  which  ac- 
celerates  the  ions  slightly  toward  the  exit  hole.  The  remain- 
ing  electrodes  are  maintained at a  positive  potential  with  re- 
spect to K2 so that further  acceleration is impossible. The suc- 
cess of this  method  is  described  later in this  report. 
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2nd aux.  cathode 

Anode - A 

s t  ape r tu re  - A1 

1st cathode K~ 2nd ape r tu re  - A2 

Extracted  ion  path Collector - C - 
Magnetic f i e l d  .- """" - 

- 

Internally  grounded 

Figure A-4.-  Cold  cathode  ion  source  schematic 



Another  desirable  feature of this  design is the electrical 
independence of the  two  cathodes (K1 and K2)- The fraction 
of the total  discharge ion current  collected  by the first 
cathode (K1) may be measured to indicate  total  pressure  at  the 
same  time  the  extracted  ion  beam  is  being  analyzed to measure 
partial  pressures. 

Experimental  Results  and  Interpretations 

The  ion  source  shown  in  Figs.  A-1  to  A-3 was assembled  and 
installed on an ultra  high  vacuum  system  for  experimental  study, 
Electrometers  were  connected  to  measure  the  currents in the 
various  electrodes.  These  currents  were  measured  before  the 
magnets  were  attached  to  determine  the  magnitudes of leakage, 
field  emission  and  other  noise  currents,  With 6000 V on the 
anode,  these  currents  were negligibly mal& at each electrode, 

Careful  polishing of the  high  voltage  (anode)  supports  and  other 
critical  elements  is  credited  with  the  prevention of these  un- 
desirable  currents. 

Six  magnets  were  installed on the  ion  source  and  the  study 
of ion  extraction  was  undertaken.  Figure  A-4  shows an electrical 
schematic  of  the  source  and  the  nomenclature to be  employed in 
this  report, The first  auxiliary  cathode (AK1) and first aper- 
ture (A11 are  internally  connected  to  ground.  All  potentials 
are  measured  with  respect  to  ground,  unless  otherwise  noted. 

Figures A-5  and  A-6 show  the two measurable  components* 
(lh2 and IC) of  the  extracted  ion  beam  as  a  function of extrac- 
tion  potential ( - V K ~ )  and  anode  voltage ( V A ) .  The  sensitivity 
(amperes  per Torr) for  nitrogen  is  calculated  for  each  anode 
potential  at  an  extraction  potential of - 4 0  volts. 

*Current I A ~  is not  measurable  because  aperture A1 is 
-. =.".._=Ui.-.. """".""" 

grounded  internally. 
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It is  apparent  from  these  data  that  a  relatively  large 
number of ions  have  been  successfully  extracted  from  the  dis- 
charge by the  application  of  small  negative  potentials  to K2. 

Figure  A 7 shows how  the  extracted  ion  currents  1~~  and IC are 
affected  by  both  positive  and  negative  voltage on K20 The  ion 
current  collected by  the  first  cathode ( 1 ~ ~ )  is  also  shown,, 
The  collector  ion  current  drops  noticeably  as V K 2  is  varied 
from -30 volts  to +30 volts,  The  corresponding  change  in IA2 
is  less marked,.  At the  same  time  the  extracted  ion  current 
(IA2 + IC) decreases,  the  current  in  the  first  cathode, IK1 in- 
creases .. 

These  effects  may  be  explained  qualitatively  in  the  follow- 
ing manner.. As the  extraction  voltage, V K ~  is  made  more  negative, 
ions are  removed from the  discharge  which  normally  would  be col- 
lected by Kl, hence  the  rise  in  extracted  ion  currents  is  ac- 
companied by a  reduction  in  the  number of ions  collected by the 
first  cathode,  However,  the  rise  in  extracted  ion  current 
reaches  a  plateau  with  further  increase  in V K 2  (negative)  poten- 
tial  as  does  the  attendant  decrease  in I K l 0  The  fractional  de- 
cline in IK.,  is  accompanied  by  almost  exactly  the  same  fractional 
increase in collector  current, 

The  fact  that  the  collector  current IC, and  first  cathode 
current IKIY quickly  reach  maximum  and  minimum  values as VK2 is 
made  more  negative  than 30 volts,  is  probably  related  to  the 
geometry of the  aperture  holes,  The  arrangement  of  the  three 
aperturesp A2#  Al and  the exit  hole  in K2, permits  the  collector 
to  view  only  a  small  effective  volume  of  the  discharge  region 
When  a  certain  fraction  of  the  ions in this  small  volume  have 
been  extracted,  the  extracted  currents  cease to increase, 
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Figure  A-8  shows  that  ions  may  be  extracted  from  the  dis- 
charge by applying  ion  repelling  (positive)  voltages to K1, 
This  plot  also  points out some  noticeable  differences  between 
the  two  methods. The  collector  current  becomes  negative  for 
negative  values of VK1, suggesting  the  extraction of electrons 
from  the  discharge,  The  presence of electrons in the  beam 
would  also  explain  the  more  noticeable  change  in 1~~ (compared 
with Fig, A - 7 )  with  cathode  potential. It would also explain 
why IC saturates  more  slowly  with  cathode  potential  changes 
when  this  extraction  method is employed. 

Both  methods  yield  nearly  (within 15%) the  same  number  of 
extracted  ions  per  unit of pressure.  However,  other  factors 
must  also  be  considered in selecting  the  most  desirable  method 
of extraction.  These  factors  are: 

(1) Extraction  Voltages - Method I (VK2 negative)  pro- 
duces  a  maximum  extracted  ion  current  with 40 volts 
applied  to K2" Method I1 (VK1 positive)  requires 
slightly  higher  voltages  to  reach  maximum. 

(2) Beam  Currents - Method I1 (VK1 positive)  produces 
evidence of an electron  current  component  in  the 
beam,  Although  electrons  in  the  beam  will  not  in- 
fluence  the  mass  analyzer,  they do make  the  deter- 
mination of correct  source  sensitivity  more  dif- 
ficult, 

( 3 )  Energy  Distribution - Method I1 requires  larger 
potentials to extract  the  ions  and  therefore  the 
emergent  ion  beam  is  likely to be of higher  energy, 
Method I actually  applies  weak  retarding  fields 
(A1  and  A2) with a subsequent  reduction in energy 
of the  beam, 
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( 4 )  Electronic  Considerations - The ion  current  in K1 
produces  a  means of measuring  total  pressure  within 
the  future  spectrometer.  This  measurement  is  most 
conveniently  made  with K1 at ground  potential,, 

After  considering  the  above  factors, it was  concluded  that 
Method I extraction was more  desirable.  This  method  was  then 
used  to  study  the  ion  source  performance  in  more  detail  as 
described next,, 

Figure A-9 shows  the  energy  distribution  of  an  unfocused 
beam  of  ions  striking  the  collector.  These  measurements  were 
made  using  positive  (retarding)  potential at the  collector  to 
repel  ions  entering  the  collector box. This  retarding  field  is 
a  measure  of  the  ion  energy.  These  measurements  have  been 
made  for  a  family of values  of  negative VK potentials. It 
will be  noted  that  the  ordinate  displays  both  positive  (ion) 
current  and  negative  (electron)  current  values.  It  will  also 
be  noted  that  the  predominant  charge  carrier  is  the  electron  if 
V K ~  is  zero or slightly  negative,  As V K ~  is  made  more  negative, 
the predominant.charge  carriers  become  low  energy  ions, 

2 

Figure  A-10  is  a  replot  of  the VK2 = -4OV data (Fig” A-9), 
This  plot  shows  the  distribution  of  ion  energies  in  the  beam in 
better  perspective,  This  figure  also  shows  that 97% of  the 
collected  ions  have  energies  compatible  with  the  quadrupole 
analyzer  design to be  discussed in the  next  section of this 
report., It  therefore  appears  that  the  majority  of  ions  ex- 
tracted  from  this  ion  source  will  have  a  sufficiently  small 
spread in energies  to  be  analyzed by a  practical  design of 
quadrupole  analyzer, 
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The  very  low  energy  ions  encountered  in  the  source  were 
not  confidently  anticipated.  The  literature  references  accom- 
panying  this  report do not  parallel  this  experience.  Previous 
experiences  with  a  cold-cathode  source  yielded  much  larger  ion 
energies  (hundreds  of  electron volts). The  reason  may  lie in 
the  method of ion  extraction  wherein  large  accelerating  fields 
were  applied  to  the  emerging  ion  beam.  At  the  present  time, 
the  energy  distribution  of  the  ion  beam  appears  perfectly  matched 
to  the  requirements  of  the  quadrupole  mass  analyzer. 

Figure A-11  shows  how the extracted  ion  currents  and  the 
discharge  current  respond to changes in pressure  (nitrogen) 
from  less  then  Torr to loe6 Torr. The ion  source  was 
baked  at 4OOOC for  approximately 18 hours  prior to taking  these 
data. 

These  data  show  that  the  total  extracted ion current  (in 
the  linear  region)  is  quite  large.  The  sensitivity  values 
noted  on  this.  graph  were  determined at a  pressure of Torr 
(nitrogen).  The  highest  sensitivity  for  extracted  ions  was 
measured  at  the  second  aperture  plate, A2 and  has  a  value of 
0.16 amps/Torr.  The  collector  sensitivity is 0.005 amps/Torr. 
This  value  is  about  one-half  the  value  anticipated,  but  is 500 

times  the  sensitivity of some  hot-filament  ion  sources  used  in 
contemporary  mass  spectrometers.  Attempts  were  made to focus 
more  ions  into  the  collector  by  applying  suitable  potentials 
to A?.  This  resulted  in  an  increase  in  collector  sensitivity 
from 5 ma/Torr to 15 ma/Torr. It was  evident,  however,  that 
better  focusing  means  must  be  provided in future  designs. 
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The  non-linear  response of the  ion  source  below  the  mid 
Torr  range  was  not  anticipated,  Efforts  were  made to 

discover  the  cause of this  problem  but  conclusive  results 
are not yet available, It appears  that  the  discharge  itself 
was  not  producing  any  noticeable  outgassing  and  there  were 
no  external  leaks  found  in  the  source  enclosure, It was 
theorized  that a virtual  leak  existed in the  source  struc- 
ture,  The SOULC~ was disassembled  and it was  noticed  that 
the  first  collimator-pole  piece ( A : )  was  wedged  tightly in 
the  source  housing,  This  could  lead  to  a  noticeable virtual. 
leak  and  hence  to  the  non-linear  responses  shown  by Fig,, A-11" 
This  problem  can  be  easily  corrected in the future,, 

If  a  virtual  leak  did  exist  in  the  source  during  ,this 
experiment,  then by  simply  subtracting  the  current  equivalent 
of  this  background  pressure,  the  true  response of the  gauge 
would  be  linear,  This  has  been  done in the  case of the IA2 
current  curve  and  the  results  indicate  this  response  curve 
is  the  sum of a constant  (pressure  independent)  term  and  a 
linear  function of pressure,, It should  also  be  mentioned 
that  no  "background"  currents  (in  the  absence of a magnetic 
field)  were  observed  which  were  large  enough  to  cause  this 
effect, 

SELECTION  OF MASS ANALYZER 

Mass  Analyzers - General 
Prominent  characteristics of the  beam  extracted  from  a 

cold-cathode  ion  source  are: (1) the  relatively  large  beam 
cross  section  utilized  in  order to obtain  high  sensitivity,  and 
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(2) the  large  spread In kinetic  energy of the  ions  com- 
prising  the  beam. In general,  these  are  undesirable 
characteristics  of an ion source  fdr  use  with  most  mass 
spectrometers. 

Several  spectrometers  are  tolerant of an  ion  beam  with 
a  large  spread in kinetic  energy (ref. A22). Some of these 
utilize  both  magnetic  and  electrostatic  fields  such  as  the 
double  focusing  (ref. A23) or the  cycloidal  (ref, A24) mass 
spectrometers.  However, in order  to  obtain  high  resolution 
with  a  large  injected  ion  beam  size,  the  spectrometer  be- 
comes  large  and  costly.  The  presence  of  the  large  magnet 
required in these  spectrometers is undesirable,  not only  be- 
cause of their  bulk  and  weight  but  also  because  of  the  un- 
avoidable  fringing  field  which is detrimental  to  the  opera- 
tion of the  ion  source. 

Quadrupole  Mass  Filter 

A mass  analyzer  that  provides  high  resolving  power  for  an 
ion  beam  of  large  size  and  energy  spread  is  the  electric  quad- 
rupole  mass  filter (ref. A25). It is small,  light  in  weight 
and  relatively  simple in construction.  There  is  no  magnet 
with  the  associated  fringing  field  problem  and  the  electric 
fringing  field  may  be  shielded  from  the  ion  source.  The  mass 
filter  may  be  constructed  entirely of materials  that  are  bake- 
able  to  temperatures  required  for  attainment of UHV, It  has 
been  shown by Brubaker  (refs. A26,  A27) to be well  suited  for 
use  in  satellites  as  a  mass  analyzer.  Scanning of the  complete 
mass  range  under  consideration  may  be  rapidly  carried out by 
varying  voltage  or  frequency.  The  disturbing  effect of contact 
potentials  which  occur in some  spectrometers  are  minimized due 
to  the  high  potentials  applied  to  the  mass  filter  electrodes. 
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The  quadrupole  mass  filter  consists of four  parallel 
cylindrical  rods  equally  spaced on a  circle of radius rot 
about  equal to the  rod  diameter.  Opposite  pairs  of  rods  are 
electrically  connected  together.  An  electrostatic  potential, 
U, and  an  rf  potential, V, of  frequency, v,  are  applied  to 
the  rods  as  shown  in Fig.  A-12.  The  equations  of  motion  for 
an  ion  of  mass M and  charge  e in the  field  of  these  rods  are, 

Mx + e(U + V cos 2sr ut) - = 0 X 
2 

' MY - e(u + v COS 2 n  vt) 1 = o 
rO 

2 

Paul  et  al, (refs.  A25,  A28-A30)  and Fischer (ref.  A31) 
show  these  equations to be  forms of the  Matthieu  equation.  The 
solutions  to  that  equation  correspond to stable  (bounded)  and 
unstable  (unbounded)  trajectories of the ions.  Whether  the 
motion of an  ion  is  bounded or unbounded  depends on the  mass 
and  charge of the  ion  and  the  voltages  applied  to  the  rods. 
Of  all  the  ions  injected  with  finite  momenta  into  a  quadrupole 
mass  filter,  those  that  are  unstable  and  those  stable  ions 
whose  maximum  amplitude  is - > ro will  be  captured by the  rods 
after  a  sufficient  number  of  cycles of the rf field. In 
this  manner  only  a  small  band  of  masses  manage to travel  the 
length  of  the  quadrupole,  where  these  ions  are  collected  and 
detected. 

General  Design  Criteria 

Paul et al.have provided  criteria  for  the  design  and  the 
capabilities of the  quadrupole  mass  filter.  They show that  the 
mass  filter  provides a stable  trajectory  for  ions  of  mass, 
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M = 2.30 X - 
v2r 2 

V 

0 

The mks system  will  be  used  throughout  unless  otherwise 
noted. Equation  (A2) is plotted  for  various v and ro in 
Fig.  A-13. 

The  resolution of the  mass  filter is defined  as  the  mass 
of the  ion  divided by  the width of the  mass  peak at its base. 

Resolution = - - " 0.126 
A M  0.16784 - U 

Design  criteria  to  obtain  a  given  resolution  with 100% 
transmission of the  stable  ions  are: 

Required  voltage  stability, 1 
Required  frequency  stability  and  dimensional  accuracy, 

- 0  -2"- 
1 AM 

Maximum  allowable  transverse  energy of ions  injected on axis, 

eV 

Maximum  allowable  axial  energy of ions  for  ion  selection to 
occur, 
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= 5 3 2  X 10-3 L2V AM eV 
rO 

where L is  the  length of the  quadrupole rods. 

Maximum  allowable  ion  beam  size  for  axially  directed ionsp 

- dmax = r (- AM) + O M  

The  power  dissipated in the  device is 

CM2w5r04 
Q P = 2 3  X 1040 

where C is the  total  capacitance  and Q is the  figure of merit 
for  the  final  tank  circuit  of  the z.f. generator.  This  power 
dissipation is plotted  versus v 5  in Fig, A-14  for  various  rod 
radii  assuming C=lOO pf,  and Q=300, Also  included  are  curves 
of  equal x.f. voltages  for  ions of mass 100 m u ,  Ions  of 
smaller  mass  are  represented by similar  curves  nearer  the 
abscissa, 

Using  the  above  criteria  it  has  been  shown  (ref,  A29j  that 
a  mass  filter can be  designed to pr.ovide  variable resolution 
with a maximum  resolution  sufficient  to  separate  adjacent  ions 
of atomic  mass 100 and  less,  At  the  same  time,  the  filter  can 
be  made to yield 100% transmission  for  the s tab le  ions,  This 
is  desirable  not  only  for  high  sensitivity but, what  is  more 
important  for  mass  spectrometry,  relative  ion  abundances  may 
be  directly  compared, 

It  should  be  mentioned  here  that  the  monopole  mass  filter, 
first  described  by  von  Zahn  (ref, A32)  has  most of the  desirable 
characteristics of the  quadrupole, and  is  simpler to construct, 



vS, (MHZ) 

Figure A-14.- Maximum  power  Required  for  mass 100 a.m.u. ions 
vs. fifth  power  of  frequency 
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However,  due to its  inherently  lower  transmission  as  compared 
to the  quadrupole, it was not considered  further  for  use  as 
the  analyzer. 

Mass  Scanning  Modes 

In considering  the  above  criteria,  the  three  principal 
modes  of  scanning  the  mass  spectrum  were examined. As seen 
from E q .  (A2), mass  scanning  may  be  accomplished. by varying 
either  the  frequency or the  voltages.  The tkee modes  con- 
sidered  have  been  previously  reported  in  the  literature  and 
are  listed  below. 

Mode 1 U and V varied  such  that = constant, v = 

constant  (Paul et al,  (ref. A 2 8 )  1 .  Resolu- 
tion  is  constant  for  the  entire  mass  spectrum. 

Mode 2 U = aV-b, w = constant,  where  a a.nd b are  con- 
stants ( C .  E, Woodward  and C. K, Crawford, (ref. 
A33)). Line  width  is  constant for  the  entire 
mass  spectrum. 

Mode 3 - u -  constant, v varying  (von  Zahn,  (ref. A 3 2 ) )  

Resolution  is  constant  for  the  entire  mass 
spectrum, 

We  choose  the  mass  range of interest to be M = 2 to 100 amu. 
Thus,  in  order  to  separate  ions  of  adjacent mass, v7e must  have 
for  Mode 2, AM = 1 amu, and  for Modes 1 and 3, - = 109, For 
Modes 1 and 3, Eq, (A3) yields 

M 
AM 

" 

U 

77 (Modes  1,3) = 0.16658 
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I n   t h e  case of Mode 2 ,  w e  s u b s t i t u t e  U = aV-b i n t o  E q ,  (A3) 
and o b t a i n ,  

AM = 7.94(0.16784 - a)M + bM 
(A101 

S u b s t i t u t i n g  Eq. ( A 2 )  i n t o   t h e  l a s t  term i n  Eq. (AlO) w e  
have, 

AM = 7.94(0.16784 - a)M + 1.825 x 13-17b 

v 2 r  2 
0 

Thus  from Eq. (All), w e  see t h a t   i f  a i s  chosen t o  be 
0.16784, t h e   l i n e   w i d t h  i s  independent  of  mass.  Assuming  for 
Mode 2 t h a t  AM = 1 amu, w e  may s o l v e  Eq. ( A l l )  f o r  b and   ob ta in  
the   r e l a t ion   be tween   s cann ing   vo l t ages   fo r  Mode 2 ,  

U(Mode 2) = 0.16784V - 9 . 1 0  x 1 0 - 9 v 2 r  (A12 j 
0 

Comparjnon  of  Scanning Modes 

I n   o r d e r   t o  compare ope ra t ion   o f   t he  mass f i l t e r   i n   t h e  
t h r e e  modes, w e  cons ider   the   a l lowable   energy   spread   of   the   ions  
and t h e  maximum t o l e r a b l e   s p r e a d  of t h e   i o n  beam, 

Al lowable   t ransverse  momenta of   ions .  - S u b s t i t u t i n g  Eq, 
(A2) i n t o  Eq. (A5) , w e  have 

e V  

Therefore ,   UT,,^ i s  independent of mass f o r  Mode 2 ,  Assum- 
ing   reasonable   va lues  of v = 1.10  m H i  , and r, = 0 0 0 2  m p  i n  
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order  to be consistent  with  reasonable  values  of rf voltage 
(3500  volts)  and  power  dissipation (56  watts), we have 

(Mode 2) = 2.32 eV 

Comparing  this  with  operation  in  Mode 1, where - - - 100, AM 
we  see  from  Eq.  (A13)  that 

where  M*  is  the  ionic  mass  in amu. Thus,  for  mass  100  amu 
ions,  Modes 1 and  2  have  comparable  transverse  energy  tolerance, 
but  for  smaller  masses,  Mode 1 can  tolerate  less,  being  only 2% 
that of  Mode 2 for  hydrogen  ions. 

Equation  (A5)  shows  that  Mode 3 with  the  value of V given 
above  can  tolerate, 

(Mode 3 )  = 2.32 eV 

so that  Mode 3 tolerates  the  same  constant  value  over  the  mass 
spectrum  as  does  Mode 2. 

h m a x  is  plotted in Fig.  A-15 as  a  function  of ro2 for 
various  values  of v in  Mode  2  operation. 

Allowable  axial  momenta of ions. - In  order  that  selection 
of the  stable  ions  occur,  it  is  necessary  that  the  initial  kin- 
etic  energy  be  less  than  that  given  by  Eq. (A6). Substituting 
Eq. (A2)  into Eq.  (A6 , we have 

~ ~~ ~~~ 

uAmax 2.53 x 1017L2v2AM eV 
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Figure A-15.- Maximum t r a n s v e r s e   v o l t a g e  f o r  un i ty  
t ransmiss ion  vs. f i e l d   r a d i u s   s q u a r e d  
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IJ 

Although w e  see t h a t  UA,,, i n c r e a s e s   w i t h   t h e   s q u a r e   o f   t h e  
g u a d r u p o l e   l e n g t h ,   i n   t h e   i n t e r e s t   o f   k e e p i n g   t h e   s p e c t r o m e t e r  
small, w e  s h a l l  assume L = 0.25 m. Thus f o r  t he  va lues  assumed 
i n  t h e  prev ious   subsec t ion   above ,  w e  see t h a t  Mode 2 c a n   t o l e r a t e  
f o r   i o n s   o f  a l l  masses, a c o n s t a n t   a x i a l   e n e r g y   e q u a l   t o  

s 

'Amax = 31.5 e V  

For Mode 1, w e  see as b e f o r e  , 

'Am ax  
UA,,, (Mode 2 )  - 

(Mode 1) M* - 

so  t h a t  Mode 1 t o l e r a t e s  less a x i a l   i o n i c   e n e r g y   t h a n   d o e s  Mode 

2 f o r   i o n s  of M*<100 amu. 

For Mode 3 ,  w e  refer t o  Eq. (A6) and f o r   a n  rf v o l t a g e  of 
3500 v o l t s ,  w e  have 

UA (Mode 3 )  = 31.5 e V  

so t h a t  Modes 2 and 3 t o l e r a t e   e q u a l   c o n s t a n t   i o n   e n e r g i e s   o v e r  
t h e  whole mass s p e c t r a .  

'Am a x i s  p l o t t e d   i n   F i g .  A-16 as a func t ion   o f   rod   l eng th ,  

L f o r   v a r i o u s   v a l u e s   o f  v i n  Mode 2 opera t ion .  

Maximum a l lowable   ion  beam diameter .  - The maximum diameter 
o f   an   ax ia l ly   d i r ec t ed   i on  beam which has u n i t y   t r a n s m i s s i o n  
through the  mass f i l ter ,  i s  approximately 
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Thus, for  Modes 1 and 3 ,  

dm,, (Modes 
r 

1,3) = $ 

However,  for  Mode 2 with  M = 1 amu, 

dmax (Mode 2 )  = - 
M*3i 

Therefore,  the  beam  diameter  that  the  mass  filter  can  transmit 
is  always  larger  for  Mode 2 for  masses  less  than  100  amu. 

We  now  assume  that  the  beam  diameter  is  larger  than  given 
by  Eq.  (A7)  and calculate  the  transmission  of  the  beam  assuming 
the  ions  are  uniformly  distributed  across  the  beam  with  density 
a(kg/m2). Thus,  if  the  beam  diameter  is d>dmax we have,  ap- 
proximately,  for  the  transmission, 

d 2  
u.rr4 - ro M - 

max 2 A M  r 2  

d2 d2  d2 
T =  o AM - " M 

O = T  

This  is  plotted  in Fig.  A-.l7  as a  function  of  mass  for  Mode 2. 

Frequency  and  voltage  stability. - From Eq. ( A 4 )  we see 
that  the  frequency  and  voltage  stability  required  are  in- 
versely  proportional  to  the  resolution, M/AM. Thus,  these  re- 
quirements  are  the  same  in  all  modes  for  ions  of  mass 100 amu, 
but  ions  of  smaller  mass  have  less  stringent  requirements  in 
Mode 2 ,  due  to  its  decrease  in  resolution  with  ionic  mass. 



Mass,  amu 

Figure A-17.- Transmission of mass  filter vs. mass of ion 

Assumed AM = 1 amu 
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Choice  of  Mass  Scanning  Mode 
From  the  preceding  discus.si6ns of scanning  modes; we see 

that  operation in Mode 1 is  inferior in all  respects  to  operation 
in  Mode 2 for  ionic  masses  less  than 100 amu. The  frequency 
varying  Mode 3 is  seen  to  tolerate  the  same  initial  ion  energies 
as does  Mode 2, but  the  latter  tolerates  a  larger  ion  beam  size 
and requires less frequency  and  voltage  stability  than  the 
former  for  masses  less  than 100 amu. If, however,  the  beam is 
kept small and  if  the  power  supply  is  stabilized  well  enough 
for  transmission of mass  100 amu, then  Mode 2 has no advantage 
over  Mode 3 on the  basis  of  the  above  criteria. 

The  choice of Mode 2 over  Mode 3 is made on the  basis of 
engineering  considerations.  Frequency  scanning  from 2-100 m u  
is  seen  from Eq. (A2) to  require  a  frequency  span of 7:l. Circuit 
design  requires  this be done in 3 or 4 separate  tuning  ranges. 
Each  range  requires  a  different  value of V. Thus, some  scan 
ranges would have  less  than  the  maximum  value  of 3 5 0 0  volts  as- 
sumed  above.  Equations (A5) and (A6) show  that  this  would de- 
crease  the  tolerable  initial  ion  energy  below  that of Mode 2. 
In  addition,  there  are  many  practical  problems  involved in de- 
signing  a 350 - + 0.5% volt  rf  generator  which  is  tunable  and 
stabilized  over a wide  frequency  range. 

On the  other  hand,  a  workable  quadrupole  mass  filter  oper- 
ating  in  Mode 1 has  been  built by Shoulders  (ref. A 3 4 ) .  Whightman, 
of the'Nationa1  Research  Council, who has  successfully  used 
Shoulders'  design,  points out that  conversion of the  electronics 
for  operation in Mode 2 would  be a  simple  and  straightforward 
procedure. 

It is  concluded  that  the  mass  filter  should  be  operated  in 
Mode 2. 
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Entrance  Conditions 

The  equations of motion, (Al), for  the  ions  in  the  mass 
filter  have  implicitly  Within  them  that  the  rod  length, L, is 
infinite. In other  words,  it  is  assumed  that  there  is  no 
fringing  field  to  disturb  entering  ions.  Paul  et al. (ref.  A25) 
first  suggested  the  possibility  'that  the  fringing  field  is 
responsible  for  attainment  of  smaller  transmission  than 
theoretically  expected.  Brubaker  (ref.  A26)  suggested  that 
loss  in  transmission  noted by  him at  higher  frequencies and 
at  lower  energies  is  due  to  the  fringing  field, 

In  their  mass  filter,  Paul et al-used a  cylindrical  canal 
which  was  maintained  at  zero  potential,  the  potential  of  the 
quadrupole  axis.  If  their  reported  loss  in  transmission is due 
to  entrance  fringing  field, it is  obvious  that  extending  the 
canal  farther  into  the  quadrupole  field  should  serve  to  minimize 
the  effect of this  field. 

The  effect of the  perturbation of the  quadrupole  field by 
the  canal  was  studied.  Using Eq.  (A15) to  define  the  minimum 
canal  needed  and  assuming  a 0.05 cm  thick  wall  for  the  canal, 
we  find  the  perturbation of the  quadrupole  potential  at  the 
circumference of the canal  to be  less  than  0.63,  Since  the 
stability  required  of  the  voltages is seen  from Eq. ( A 4 )  to 
be 0.5% for  a  resolution of 100,  the  effect  of  the  canal  ex- 
tending  into  the  mass  filter  well  beyond  the  fringing  field 
region  is  negligible. 

In order  to  minimize  the  effect of the  fringing  field, 
Redhead's  group  at  the  National  Research  Council,  Ottawa, 'fol- 
lowing  Shoulders' work, has  used  the  wide  mass  range  focusing 
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properties of an rf quadrupole  lens.  This  lens  is  capacitively 
coupled  to  the  mass  filter  rods  and  positioned so as  to  surround 
the  electron  optical  elements  coupling  ion  source  to  mass  filter. 
Such  a  lens  minimizes  the  defocusing  action of the  transition 
field  region. 

A  problem  which  must  be  considered when using  a  magnetron 
ion  source  is  the hig.h energy of the  extracted  ions.  The  results 
presented  in  the  COLD-CATHODE ION SOURCE section  suggest  that 
no such  problem  exists  with  the  present ion source  design  since 
the  majority of the  ions  have  energies  small  enough  to  be 
handled  by  the mass filter  suggested  here.  However,  focusing 
of  the  beam  into  the  entrance  canal is required. If the  focus- 
ing  is  accomplished  with  cylindrical  or  aperture  lenses  the 
ions  will  be  accelerated  and  thus  will  be  too  energetic to be 
selected  by  the  mass  filter.  A solution to this  would  be  to 
electrically  separate  source  and  analyzer  and  interpose  a  re- 
tarding  field, A more  attractive  solution  would  be  the  use  of 
a  unipotential  lens (ref.  A35)  system which  introduces no net 
change in energy of the  focused  ions. 

In designing  the  electron  optical  system an important  con- 
sideration is the  maximum  angle  which enteri-rig  ions can make 
with  the  axis.  The  tangent  of  this  angle is given by: 

Max. tolerable  transverse  velocity - Tmax 

Amax 

V 

V tan 8 =3 Max,  tolerable  axial  velocity 
” 

Now  since 



and (A18 l 

Therefore,  combining Eqs.  '(A5), (A6)  (A17),  and  (A181 we 
have 

r 
L tan e = 3 . 3 8  - 0 

ION  COLLECTION  AND  DETECTION 

The  ions  emerging  from  a  mass  filter tend  to  make  large 
angles  with  the  axis of the  filter.  As  a result of this,  the 
area  of  the  collector  must  be  large,  A  Faraday  cup  of  area 
equal  to  the  exit  area of the  mass  filter  would  be  admirably 
suited  to  serve  as  the  collector,  With  a  vibrating  reed  elec- 
trometer  having  a  limit  of  detectability of 2 x amperes 
arranged so as to  read  the  ion  input to the  Faraday cup, we 
could  measure  a  partial  pressure of 4 x  Torr  if  the  ion 
source  sensitivity is .05*  amps/Torr  and  the  transmission  of 
the  mass  filter is unity,  The  use  of  an  electron  multiplier 
as an amplifier  to  feed  into  a  less  sensitive  electrometer, 
leads  to  approximately  the  same  minimum  detectable  partial 
pressure.  The  reason  for  this  lies in the  dark  current  flowing 
in the  anode  circuit of the  multiplier in the  absence of a 

*This  sensitivity  figure is assumed  to  apply  over  the 
~ 

entire  pressure  range of interest  to  this  discussion. 
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signal  input  to  the  first  dynode.  The  magnitude of this  dark 
current  in  a  well  designed  electron  multiplier  tube  is  about 

amperes.  For  an  assumed  gain of the  multiplier  of lo7 
this  corresponds  to  an  equivalent  input  current  to  the  first 
dynode of amperes. Thus, we  see  that  with  this  combina- 
tion of electron  multiplier  and  electrometer  and an ion  source 
sensitivity of .05 amps/Torr,  the  minimum  detectable  partial 
pressure  is of the  order  of Torr. 

It should  be  stated  here, however,  that  the  time  constant 
of the  vibrating  reed  electrometer in measuring  currents on the 
order of amps  or  less, is excessively  large,  being  several 
seconds in the  case of the  smaller  currents.  Thus  for  measuring 
these  small  currents,  the  electron  multiplier  with  microsecond 
response  is  a  preferable  detector. 

In order to measure  partial  pressure  less  than  Torr, 
the  electron  multiplier  may  be  used to count  ion  pulses. In 
this  case,  each  ion  input  will  correspond  to  one  standard  size 
output  pulse, By integration of these output pulses,  the  ion 
current  can be measured,  Using  counting  methods,  the  highest 
counting  rate  presently  possible  is  about lo6 pulses  per  second. 
This  corresponds  to a current of 1,6 x amperes,  Assuming 
an  ion  source  sensitivity of 0,05 amps/Torr,  we  see  that  pres- 
sures  higher  than 3 x Torr  cannot  be  measured  using  ion 
counting  techniques.  If  methods  become  available  for  pulse 
counting  at  higher  rates,  the  multiplier  characteristics  then 
determine  the  highest  pressure  measurable,  The  dead  time of a 
multiplier  which  is  the  time  required  for  the  secondary  electrons 
generated  as  a  result of one  ion  input to avalanche  and  reach 
the  anode  is on the  order of 10 nanoseconds.  Thus  a  maximum  in- 
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put  to  the  first  dynode of lo8  ions  per  second  could  be  measured. 
This  would  correspond to a  maximum  measurable  pressure of 3 x 
1O-l Torr 

The  lower  limit  measurable  with  the  counting  technique  is 
again  determined by the  electron  multiplier  dark  current,  Now 
however, we must  consider  how  many  standard  pulses  per  second 
this  dark  current  corresponds to.  Some  pulses  may  correspond 
to  electrons  originating in dynodes  beyond  the  first, thus,: not 
yielding  a  standard  pulse.  The  characteristic  curve  for  an 
electron  multiplier  delineating  the  pulse  height  distribution 
would  be required,  therefore,  before  the  counting  rate  lower 
limit  may  be  stated  with  certainty,  It  is  estimated  that  the 
minimum  detectable  counting  rate  corresponds  to  a  current  less 
than  amperes,  and  therefore,  this  could be more  sensitive 
than  the  other  methods  discussed  above, 

As has  been  stated  before,  the  ions  emerging  from  the  mass 
filter  make  large  angles  with  the axisp and thus,  a  large de- 
tector  area  is  required,  The  area  of  the  first  dynode  in  a 
normal  electron  multiplier  is  small,  making it unsuitable f o r  

our purposes.  Several  alternatives  have  been  suggested,  First 
is  the  use of different  multiplier  structures,  such  as  the 
tubular  (refs, A32, A37) multiplier,  or  the  disc-type  multiplier 
used  by Shoulders, or even the  Venetian-blind  multiplier,  Per-. 
haps  the  most  satisfactory  alternative  would  be  the  use of 
scintillation  crystals,  with  or  without an intermediate  dynode.. 
One  complication  arising in this  latter  method is the  need  for 
ten  to  twenty  thbusand  eV  of  ion  energy.  The  shielding of the 
mass  filter  from  such  voltages  may  prove  to  be a problem, In 
whatever  method  chosen, we must  keep in mind  the  requirement 
for  bakeability.  Paul  Redhead  has  noted  that  ultrahigh  vacuum 
is  hard  to  reach  with  any  multiplier. 



It should  be  pointed out that in the  case of the  large 
entrance  area  multipliers,  the  entrance  angle of the  ions  is 
important  in  determining  the  multiplication  to  be  expected. 
One  does not have  this  problem  with  the  scintillation  scheme 
discussed  above. In addition,  the  problem  could  be  minimized 
using  the  resistance  strip  magnetic  electron  multiplier  des- 
cribed  by  Goodrich  and  Wiley  (ref. A 3 8 ) .  This  multiplier is 
reported  to  have  a  gain of over lo7, and  dark  currents  cor- 
responding to less  than  one-tenth  electron  per  second  input  to 
the  cathode,  The  cathode  is  a  large  surface  perpendicular  to 
the  direction of the  entering  beam of ions,  Magnetic  fields of 
only 400 gauss  are  required.  Using  the  ion  source,  discussed 
abovep partial  pressures  as  low as 1.7 x  Torr  might  be 
measured,  using  continuous  current  methods,  This is superior 
to  the  normal  electron  multiplier  and  to  the  vibrating  reed 
electrometer, If a  satisfactory  multiplier  of  this  type  is 
available  commercially  it is recommended  as  the  detecting 
scheme  for  the  ions  from  the  mass  filter. 

CONCLUSIONS 

This  study  effort  has  shown  that  the  development of an ion 
source  and  quadrupole  mass  analyzer  suitable  for  extreme  high 
vacuum  mass  spectrometry  appears  quite  feasible,  The  quadrupole 
analyzer  is  shown  to  be  uniquely  suited to the  mass  separation 
of a  beam  of  low  energy  ions  extracted  from  the  cold-cathode 
source. It  also  appears  that  a  suitable  lens  system can be  de- 
signed  to  further  improve  the  sensitivity of the  ion  source 
described  herein  without  compromising  the  performance  of  the 
analyzer ., 

Further  work  is  necessary,  however,  before  a  prototype 
model of such  a  spectrometer can be  constructed. 
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APPENDIX B 

DEVELOPMENT OF A MASS SPECTROMETER  DESIGN 

By Po Blum  and F, L. Torney, Jr. 
Norton  Research  Corporation 

SUMMARY 

A new  experimental  cold-cathode  ion  source  has  been 
designed  and  constructed,  The  primary  purpose  was  to  in- 
vestigate  methods  of  increasing  the  source  sensitivity 
obtained  in  the  feasibility  study,  compatible  with  the 
requirements  of  a  quadrupole  mass  spectrometer,  The  source 
contains  a  probe  for  measuring  ion  energy  spectra  through  a 
1 mm simulated  quadrupole  entrance  aperture,  The  probe's 
position  is  adjustable  relative  to  the  ion  exit  aperture. 
The  design  includes  an  electrostatic  lens  and  provisior  for 
comparing  sensitivities  both  with  and  without  the  lens, 
Also included  is  provision  for  testing  for  optimum  cathode 
potentials.  Modifications  have  been  made  in  the  magnetic 
geometry  used  in  the  feasibility  study  source;  cylindrical 
ceramic  magnets  have  reduced  external  bulk  considerably: 
elimination  of  pole  pieces  has  increased  accessibility  to  the 
ion  exit  aperture  and  reduced  internal  bulk  and  gas  traps 
for  improved UHV performance, 

Methods  of  optimizing  sensitivity  without  the  lens  were 
studied  first. As a function of cathode  potential,  the 
sensitivity  remained  constant for  positive  values  and rose 
appreciably  (up to a factor.of 7) for  negative ones. An 



intense  electron  component xcompanied the  negative  potentials 
however,  making  the  higher  sensitivites  suspect;  experiments 
conducted  to  verify  them  were  judged mconelusive, 

A family of ion  energy  spectra  were  obtained  as  a  func- 
tion of distance  from  the  ion exit:  aperture. The  energy  dis- 
tributions  over  all  dlstances  and  all  cathode  potentials  (both 
positive  and  negative)  showed ions predominating  at  low 
energies  and  decreasing  continuously  with  increased energyp 
a  situation  beneficial to high  quadrupole  spectrometer  sen- 
sitivity,  Maximum  sensitivity  occurred  nearest  the  exit 
aperature  and  again  at  a  point  more  dastant. 

The  highest  sensltivity obtained for  a positive  pusher 
cathode  potential  (+40  volts for example)  and  an  ion  energy 
range  of 0 - 30 eV (an  acceptable  energy  range  for  a  quadrupole 
spectrometer)  was 5 - 5  mA/Torr  (nitrogen).  This  was  recorded 
at  both 0,14 in, and  at 0.88 in.  from  the  exit  aperture 
This  sensitivityj  obtained  through  the 1 mm diameter  probe 
aperture  compares  with  a  somewhat  lower  figure  obtained  with 
a 3 mm diameter  aperture  used in the  feasibility  study, A 

minimum  sensitivity  improvement  of 10 has  therefore  been 
achieved,  without  the  use of a lens 

Frequent  changes  in  sensitivlty to pressure  were ob- 
served  in  the  magnetron  portion of the source. Cathode  current 
changes  up  to 35% were  observed  at  constant  pressure.  Con- 
ditions  to  which  this apparent. operational  mode  switch  is  at- 
tributable, or the  pressure  region  to  which  it is confined, 
were  not  inveskigated  (due  to  leaking  feedthrus), 



The  sensitivity  benefits  of an electrostatic  lens 
were  next  investigated.  A  three  aperture  einzel  lens  was 
designed  for  this  purpose. It has  the  advantage of focusing 
without  increasing  ion  energy  and  enables  suitable  electronic 
coupling  between  source  and  quadrupole.  Analytical  in- 
vestigations  conducted  to  determine  optimum  design  and 
Operation  revealed  severe  lens  limitation  for  the  particular 
conditions  and  requirements  of  the  cold-cathode  ion  source. 
It indicated  that  the  lens  would  provide  no  benefit  in  in- 
creasing  source  sensitivity  over  placing  the  quadrupole 
close  to  the  source,  unless  an  especially  favorable  beam 
geometry  existed  (e.g.,  a  nearly  parallel  and  mono-energetic 
beam) . 

Experimental  studies  were  conducted  for  several  positions 
of  lens  and  probe  relative  to  the  ion  exit  aperture. A 
large  range of lens  focusing  potentials  were  applied  and 
energy  spectra  were  obtained  for  selected  values.  The 
effect  of  differing  cathode  potentials was also  studied. 
It was  concluded  for  each  situation  that  the  lens  provided 
no  sensitivity  improvement.  However,  anomalies in lens 
operation  were  also  observed.  These  were  attributed  to  the 
presence  of  electrons in the  beam  and  their  resulting 
focusing  and/or  reflection.  The  results  of  electron  re- 
flection by  the  lens  supported  doubts about the  validity of 
higher  sensitivities  obtained  for  negative  cathode  potentials. 

A quadrupole  mass  analyzer  design  chart  has  been  con- 
structed  covering  a  wide  range  of  possible  design  values. 
Their  interdependence,  which is rather  complicated, it 
thereby  made  evident. As a result,  a set of  design  para- 
meters  have  been  determined  which  are  optimally  matched  to 
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both  the  experimentally  determined  characteristics  of  the 
cold-cathode  ion  source  and  the  objectives  of an UHV mass 
spectrometer. 

INTRODUCTION 

This  program  has  been  undertaken  to  fill  the  need 
for  a  mass  spectrometer  for  measuring  partial  pressures 
in the  ultrahigh  vacuum (UHV) region. Two fundamental 
problems  have  limited  this  capability  in the past,  both 
lying  with  the  ion  source  portion  of  the  spectrometer. 
One  is  insufficient  source  sensitivity. The other  per- 
tains  to  source  cleanliness. 

Mass  spectrometers  commonly  use  an  ion  source  with  a 
hot-filament,  the  latter  supplying  electrons  in  abundance 
for  molecular  ionization.  While  this  type  of  device  has 
much  to  recommend it, the  above  stated  problems  severely 
restrict  its  usefulness  in  ultrahigh  vacuum. A primary 
difficulty  is  that  the  heat  generated  causes  both  de- 
composition of gases  and  their  evolution  from  the  source 
itself,  thus  causing  confusion  in  both  the  type  and  amount 
of  gases  to  be  measured.  Cold-cathode  ion  gauges  of  the 
magnetron  type  (refs. B1, B2) on the  other  hand  have 
sharply  reduced  this  difficulty  while  producing  the  highest 
sensitivities  thus  far  attained;  the  sensitivity  of  these 
devices  results  from  immensely  increased  electron  path 
lengths,  effected  by  crossed  electric  and  magnetic  fields. 
This  research  program  has  been  directed  toward  adapting  a 
cold-cathode  magnetron  type  discharge  for  use  with  a  mass 
analyzer. 
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The first phase  of  this  program  (Contract  NAS1-2691, * 
Task 2 1 ,  demonstrated  the  feasibility  of  this  approach by 
constructing  and  testing  a  cold-cathode  ion  source. In 
essence,  the  source  consisted  of  a  magnetron  configuration 
modified  to  allow  extraction  of  the  ions  from  the  discharge. 
The ions  are  thus  accessible  for  analysis  with  a  mass 
spectrometer.  Studies  revealed,  among  other  salient 
characteristics,  an  ion  beam  sensitivity  of 5 mA/Torr 
after  passing  through an aperture  of 3.0 mm in  diameter. 
This  is 500  times  the  sensitivity  of  conventional  hot- 
filament  mass  spectrometer  ion  sources. A companion  study 
showed  that  a  quadrupole  mass  spectrometer  was  best  suited 
to  the  energy  and  dimensions of this  beam  and  tentative de- 
sign  parameters  were  specified. 

The  present  phase of  the  program  has  bedn  directed 
toward  developing  and  testing an improved  source  design. 
In particular,  methods  are  investigated  for  improving  beam 
intensity  compatible  with  the  energy  and  dimensional re- 
quirements of a  quadrupole  mass  analyzer. A quadrupole 
design  chart  has  been  composed  to  aid  in  optimally  matching 
source  and  quadrupole  characteristics. 

The  new  source  has  been  designed to  include  some 
improvements  while  deferring  others to allow  versatility  in 
determining  optimum  electronic  parameter  values,  optimum 
positioning  between  source and quadrupole  and  to  allow 
testing  the effectiveness.of an  electrostatic  lens.  Source 
and  experiments  were  designed  for  study  of  source  response 
to variations in pressure  and  gas  composition  subsequent 
to  optimization  studies. 

~. - 

* 
See  Appendix A. 
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APPENDIX "B" SYMBOLS AND ABBREVIATIONS 

A 

C 

ic 

IQ 

j '  

V 

V' 

vC 

vC 

anode 

Faraday  cup ( ion  c o l l e c t o r )  

i o n   c o l l e c t o r   c u r r e n t   ( a m p e r e s )  

s imula t ed   quadrupo le   ape r tu re   p l a t e  
c u r r e n t  (ampere ) 

c u r r e n t   d e n s i t y  a t  o b j e c t  
(amperes/unit  area) 

c u r r e n t   d e n s i t y  a t  image 
(amperes/unit  area) 

pusher   cathode 

e x t r a c t o r   c a t h o d e  

l e n s   a p e r t u r e   p l a t e  #1 

l e n s   a p e r t u r e   p l a t e  #2 

l e n s   a p e r t u r e   p l a t e  # 3  

s imula t ed   quadrupo le   ape r tu re   p l a t e  
(probe)  

ion   ene rgy   pe r   un i t   cha rge  a t  ob- 
ject  (eV/esu) 

i on   ene rgy   pe r   un i t   cha rge  a t  image 
(eV/esu) 

i o n   c o l l e c t o r   p o t e n t i a l   ( v o l t s )  

v o l t a g e   a p p l i e d   t o   c e n t r a l   c a t h o d e  
( v o l t s  

v o l t a g e   a p p l i e d   t o   o u t e r   c a t h o d e  
( v o l t s )  
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vK 1 

0 

0’ 

negative  electrode  potential cor- 
responding  to  ions  initial  energy 
(volts) 

pusher  cathode  potential  (volts) 

angle  between  ion  path and  lens  axis 
at  object  (radians) 

angle  between  ion  path  and  lens  axis 
at  image  (radians) 

B-9 



I O N  SOURCE D E S I G N  

Overa l l  Electr ical  and  Mechanical  Design 

Figure  B-1 and B-2 i l l u s t r a t e ,   r e s p e c t i v e l y ,  t h e  

e lectr ical  schemat ic   o f   the   source   and   the   nore   de ta i led  
mechanica l   l ayout ,   d rawn  approximate ly   to   sca le .  F i g u r e  

B-3 i s  a pnotograph  of  the  internal  components  mounted 
on t h e   f l a n g e .   T h r e e   s e c t l o n s  are shown as fo l lows:  

The magnetron  port ion  or   source  proper .  
T h i s   c o n s i s t s   o f  a pusher   cathode (Kl), 
an   ex t r ac to r   ca thode  (K2) , an  anode (A) , 
two aux i l i a ry   ca thodes   and  a s t a c k  of 

f i v e   c y l i n d r i c a l   m a g n e t s .  

An e l e c t r o s t a t i c   l e n s .  T h i s  c o n s i s t s   o f  
t h r e e   a p e r t u r e   p l a t e s  L l ,  L 2 ,  and L3. 

A probe.  T h i s  c o n s i s t s  of a s imula ted  
quadrupo le   ape r tu re   p l a t e  ( Q )  and a 
Faraday  cup or  i o n   c o l l e c t o r  ( C ) .  I t  

is  used   for   s tudying   ion  beam c h a r a c t e r -  
i s t ics  and  can  be made t o   s i m u l a t e  t h e  

d imens iona l   and   energy   res t r ic t ions   o f  
a quadrupole  mass  analyzer.  

The source  has   been  designed so  tha t   bo th   p robe   and  
l e n s  are moveable .with  respect   to   the  magnetron  and  each 
o ther   and  so tha t   exper iments  may be  conducted w i t h  t h e  
l e n s  e i ther  i n  o r   o u t   o f   t h e   s y s t e m .   . E l e c t r o n i c   a c c e s s  
has   been   provided   to   a l low  moni tor ing   cur ren ts   and/or  
a p p l y i n g   p o t e n t i a l s   t o  Kl, A ,  L 2 ,  Q and C .  

Each of t h e   t h r e e   s e c t i o n s   a r e   s u p p o r t e d  on a s t ee l  

moun t ing   cy l inde r   e i t he r  by d i r e c t   s p o t   w e l d i n g   o r   v i a  
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insulated  spacers  (sapphire  balls  are  used  for L2 and 
the  anode,  kovar-to-glass  studs  for  the  remaining elements). 
The  mounting  cylinders  are  supported on three  steel  rods 
which  are  welded  to  a  flange.  Electrically,  this  design 
provides  a  guard-ring  arrangement  for all elements not 
operating at ground  potential.  Mechanically,  the  design 
permits  alignment and  inspection of components when the 
flange is removed  from  the  housing. 

Positioning is accomplished by sliding  the  lens and/ 
or  probe  along  the  three  supporting  rods. The probe is 
adjustable  with  a  positioning rod, which passes  through a 
"Swagelok"  connector,  without  opening  the  flange.  The  lens 
assembly  is  moved  forward by pushing with the  probe.  (The 
flange  must be removed to move  the  lens  backward.)  Measure- 
ments on the  positioning  rod  outside  the  source  enables 
determination of distances  between  the lens, magnetron 
and  probe. 

The "Swagelok"  connector  was  designed  for  use  during 
source  sensitivity  studies  only  (both  with  and  without 
the  lens),  at  pressures  in  the lo-' Torr range.  Since 
the "Swagelok's"  teflon  washers  are not bakeable at high 
temperatures, it is essential  that  they  be  removed  for 
studies at lower  pressures. The plan  originally  called 
for  replacement of the  entire  connector  with  a  ceramic 
feedthru  welded  into  the  flange  subsequent  to  the  sen- 
sitivity  studies.  For  reasons  to  be  discussed  in a later 
section,  this  plan  was  not  followed. 

Feedthrus  are  made of a  high  alumina  ceramic, 430 
stainless  steel  and  a  gold  alloy  seal. Ion source 



elements  are of Nichrome-V,  while  the  remaining  elements 
and  housing  are  of  303  or  304  stainless  steel.  All 
flanges  are  standard  Varian  "Conflat"  flanges  using  a 
copper  gasket.  The  materials  used  enable  the  entire 
unit (with  teflon  washers  removed)  to  be  baked  at  450OC. 
Sealed  joints  are  heli-arc  welded.  These  have  been kept 
internal  wherever  possible to prevent  gas  traps. 

The Magnetron 

The  magnetron  portion of the  cold-cathode  ion  source, 
in both  the  feasibility  study  and in the  present one, is 
a  modification  of  the  magnetron  gauge  described by  Redhead 
(ref.  Bl). The reasons  underlying its choice  over  other 
types of cold-cathode  discharges  can  be  found in Appendix A, 
together  with  a  comprehensive  bibliography on the  subject. 
Application of the  magnetron  gauge as in  ion  source  for 
spectrometry  purposes  required  that  the  normal  magnetron 
configuration  be  modified  to  allow an extracted  ion  beam. 
This was accomplished  by  separating  the  single,  spool- 
shaped  cathode  into  two  cathodes,  one  with  a  remnant 
stub and one  with an aperture.  Modification of the 
horseshoe  magnet  ordinarily  used  was  also  necessary. 

In the  present  source  the  magnetic  arrangement was 
further  modified.  Magnetic  pole  pieces  which  were in 
front of cathode K2 and  behind  cathode K1 have  been  re- 
moved  (Fig. B-1). In addition,  the  array of horseshoe 
Alnico  magnets  previously  used  have  been  replaced by a 
stack of cylindrical  ceramic  magnets.  Among  the  benefits 
of this  modification  are  the  following: (1) elimination 
of  pole  pieces  reduces  surface  area  and gas traps  to 
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allow  improved UHV performance, ( 2 )  the   quadrupole  can  be 
b r o u g h t   c l o s e r   t o  t h e  i o n   e x i t   a p e r t u r e  (K2) f o r  more 
e f f i c i e n t   u t i l i z a t i o n  of e x t r a c t e d   i o n s  - whether a l e n s  
i s  used   or   no t ,   and   (3)   the   cy l indr ica l   magnets   p rovide  
a f a r  more compact des ign   t han   t hose   p rev ious ly   u sed .  

Provis ion  has   been made fo r   mon i to r ing   ca thode   cu r ren t  
a t  K1 (wh ich   i nd ica . t e s   t o t a l   p re s su re )   and   fo r   app ly ing  a 

p o t e n t i a l  between K1 and K2 t o   s t u d y   t h e   e f f e c t   o f   t h i s  
p o t e n t i a l  on t h e   e x t r a c t i o n   o f  low energy  ions.   Cathode 
K, has been grounded to   keep  i t  a t  t h e  same p o t e n t i a l  as 
Q.  S i n c e  Q must be grounded  for   proper   operat ion  of   the 
quadrupole ,   th is   arrangement   prevents   undesirable  l e n s  
a c t i o n   i n   t h e   i n t e r v e n i n g   s p a c e .  

The Probe 

The probe,  shown i n   F i g s .  B - 1 ,  B - 2 ,  and B-3, i s  a 
commonly used method of exp lo r ing   i on   ene rgy   d - i s t r ibu t ions .  
I t  c o n s i s t s   o f  a Fa raday   cup   o r   i on   co l l ec to r  C preceded 
by a n   a p e r t u r e   p l a t e  Q ,  which  serves as a n   e l e c t r o s t a t i c  
s h i e l d .  

An i o n  beam i n c i d e n t  on Q and C when bo th   a r e   o f  
g round   po ten t i a l  w i l l  produce a c u r r e n t  a t  C ( I c ) .  This  
w i l l  be  produced by i o n s   o f   a l l   e n e r g i e s   i n c i d e n t .  However, 
i f  a p o s i t i v e   p o t e n t i a l  i s  a p p l i e d   t o  C ( V c ) ,  i o n s   w i t h  
energy less t h e n  e V c ,  where e i s  t h e  charge on t h e   i o n ,  
w i l l  h a v e   i n s u f f i c i e n t   e n e r g y   t o  overcome t h e   p o t e n t i a l  
b a r r i e r  and w i l l  be   turned away. A p l o t   o f  IC vs .  Vc w i l l  
t h e r e f o r e   p r o v i d e   t h e   i o n   e n e r g y   d i s t r i b u t i o n   o f   t h a t  
p o r t i o n   o f   t h e  beam passing  through Q .  
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I -  

By  making  the  aperture in Q to  correspond  to  the 
dimensional  restrictions of a quadrupole  mass  spectrometer 
and  the  retarding  potential  Vc  to  correspond  to  the  energy 
restrictions,  the  probe  serves  to  give  the  useable  source 
sensitivity  in  amps/Torr  referred to a  quadrupole  entrance. 
A Q aperture  of 1 mm was  used in the  present  study.  The 
probe  was  designed  to  be  moveable so that  beam  characteris- 
tics  could  be  measured  as  a  function of distance  from  the 
source  as  well  as  a  function  of  different  object  and  image 
distances  with  the  lens in use. 

In practice  the  beam  emerging  from K2 contains  electrons 
as well as ions. This  serves  to  make IC negative  when  Vc 
exceeds  some  positive  value.  When IC is  plotted  against 
Vc, to  obtain  the  ion  energy  distribution,  special  problems 
of interpretation  result  which  will  be  discussed  with  the 
presentation  of  the  EXPERIMENTAL  RESULTS  section of this 
report. 

The Lens 

Analytical " approach,  lens  limitations. - Literature  on 
the  optics  of  charged  particles  is  almost  totally  concerned 
with  electrons.  While  the  laws  governing  ion  and  electron 
optics  are  essentially  identical,  the  properties of the 
present  source  and  the  requirements of the  present  lens 
pose  fundamental  differences  in  the  problems of usual 
concern in electron  optics. 
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The p e c u l i a r  beam p r o p e r t i e s  of the   co ld-ca thode   ion  
source,   which  must   be  ant ic ipated,  are l a rge   d ive rgence ,  
lack  of   homocentr ic i ty   and  large  ion  energy  spread,   ( f rom 
a n   o p t i c a l   v i e w   p o i n t ) .  The pecu l i a r   l ens   r equ i r emen t  i s  
c o n c e n t r a t i o n   o f   t h e   l a r g e s t  number of   ions   f rom  th i s  beam 
i n t o  a s m a l l   a p e r t u r e  (1 mm in   d i ame te r )   wh i l e   ma in ta in ing  
minimum ion   ene rgy   ( fo r  optimum s o u r c e   s e n s i t i v i t y  - d i s -  

c u s s e d   i n   t h e  QUADRUPOLE D E S I G N  s e c t i o n   o f   t h i s   r e p o r t ) .  

An e l e c t r o s t a t i c  l e n s  w a s  chosen   for  t h i s  work over  
a magnetic  one.  Among i t s  r e l a t i v e   a d v a n t a g e s   a r e  small 
b u l k ,   v e r s a t i l i t y  and a foca l   l ength   independent   o f  
c h a r g e   t o  mass r a t i o  ( e / M )  ( r e f .  B3). A s  a r e s u l t  of t h e  
l a t t e r ,   e l e c t r o n   e l e c t r o s t a t i c  l e n s  s t u d i e s ,   i n c l u d i n g  
expe r imen ta l ly   de t e rmined   foca l   l eng ths , ,  are a p p l i c a b l e   t o  
t h e   p r e s e n t   i o n  l e n s  des ign .  

The approach   t aken   t o   t he   l ens   des ign  w a s  t o   t r e a t   t h e  
quadrupole   e l l t rance   aper ture  as image  and t h e   i o n   s o u r c e  
e x t r a c t o r   a p e r t u r e  as o b j e c t .   S i n c e   f o r   e v e r y   o b j e c t   p o i n t  
t h e r e  must  be a conjugate   image  point ,  i t  f o l l o w s ,   ( d i s -  
c o u n t i n g   a b e r r a t i o n   e f f e c t s  and a p e r t u r e   l i m i t a t i o n s )   t h a t  
a l l   i o n s  f rom  the  object   hole   must   land  in   the  image  hole .  
T h i s  app roach   e l imina te s   t he   need   fo r  knowing t h e   e x t r a c t e d  
i o n s '   a n g u l a r   d i s t r i b u t i o n   a n d   r e q u i r e s   n o   r e s t r i c t i v e  
assumptions,   such  as  beam homocent r ic i ty .  

To a s c e r t a i n  optimum lens   des ign   and  optimum o p e r a t i n g  
parameters ,  a mos t   pe r t inen t   fundamen ta l   op t i ca l   r e l a t ion -  
sh ip ,   Abbe ' s   s ine  l a w ,  w a s  en l i s ted .   Der ivable   f rom  the  

B-18 



p r i n c i p l e   o f  least  a c t i o n   ( r e f .  B4), it i s  independent  of 
lens   system or type  of   radiat ion.   Applying it t o  i o n  
o p t i c s ,  a r e l a t i o n s h i p  i s  obtained  between  image  current  
i n t e n s i t y   ( c u r r e n t / u n i t  area) a n d   r a d i a l   a n d   a x i a l   i o n  
energy,  namely 

Here j '  and j r e p r e s e n t   i o n   c u r r e n t   i n t e n s i t y  a t  image 
and o b j e c t ,   r e s p e c t i v e l y ;  0' and 0 r e p r e s e n t   t h e   a n g l e  
which a r b i t r a r y   i o n   p a t h s  make w i t h   t h e   l e n s   a x i s  a t  

image  and o b j e c t ,   r e s p e c t i v e l y ;  V '  and V r e p r e s e n t  
cor responding   ion   energy   per   un i t   charge  a t  t h e  image 
and o b j e c t ,   r e s p e c t i v e l y .  

I t  can   be   seen   tha t  a fundamenta l   l imi ta t ion  is 
placed  upon  the maximum a t t a i n a b l e  image i n t e n s i t y  by t h e  
i o n   e n e r g y   r e s t r i c t i o n s  a t  t h e  image  imposed by a mass 
ana lyze r .  High  image i n t e n s i t y   r e q u i r e s   l a r g e  V '  and/or 
l a r g e  8, whi le  low a x i a l  and r ad ia l  energy a t  t h e  image 
r e q u i r e s  small V '  and 8'. An optimum  compromise  between 
t h e  two g o a l s  i s  the re fo re   necessa ry .  

Abbe ' s   s ine  l a w  a l so   p rovides   one   o f   the   impor tan t  
r e a s o n s   f o r   c h o i c e  of an   e inze l   l ens   des ign .  Here, i o n s  
l eav ing   t he   l ens   have   t he  same energy as  those   en te r ing .  
I t  t h e r e f o r e   h a s   b e e n   p o s s i b l e   t o   d e s i g n  a l e n s   ( t o  be 

d i s c u s s e d   i n   t h e   n e x t   s e c t i o n )  so t h a t  V '  = V ,  t h u s  
l e a v i n g   t o t a l   i o n   e n e r g y   i n t a c t .   T h i s  i s  a t  the  expense 
o f   i n c r e a s i n g   t h e  radial component  of the   energy .  However, 

t h e  radial  component i nc reases   on ly  as t h e   s q u a r e   r o o t  of 
the   t o t a l   ene rgy   i nc rease   wh ich  would  be required  of   an 
a c c e l e r a t i n g   l e n s  t o  produce  the same i n t e n s i t y .  
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An  additional  source  of  intensity  limitation  arises 
because  source  ions  are not monoenergetic.  Reduced  in- 
tensity  here  results  because  ions of different  energy 
cannot  produce an image at the  quadrupole  entrance  aper- 
ture  for  the  same  lens  operating  conditions.  Since no 
methods  presently  exist  for  the  solution  of  this  problem 
(chromatic  aberration) in electron (or ion)  optical 
systems  (ref. BS), the  only  recourse is to image  about  the 
energy of greatest  intensity. 

Finally,  intensity is a  function of lens  electrode 
aperture  size  and  spacing. If for  a  particular  positioning 
of  object,  image and  lens  the  outer  apertures of the  lens 
are  too  large,  then  the  electrostatic  field  bulging 
through  them is distorted by object of image  electrodes 
(or by  interference  from  the  magnetron  field  bulging  through 
the K2 aperture)  with  resulting  aberration  (refs. B6, B7) 
and hence,  reduced  image  intensity. On the  other  hand, if 
the  apertures  are  too  small,  only  a  small  fraction of the 
source  ions  are  intercepted by  the lens,  again  resulting in 
image  intensity  reduction.  Obviously  a  compromise  must 
again  be  effected. 

The  above  indicated  lens  limitations  constitute 
problems  reducible by optimum  choice of lens design, 
positioning and operating  parameters. However, it should 
be  indicated  that  other  limitations exist which  are not so 
reducible. For example,  a wide beam  divergence  results 
in spherical  aberration  for  which  there  are  no  known 
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solutions in electron  optics  (ref.  B5)  and  little  re- 
course  to  minimizing in the  present  situation.  Finally, 
unless  the  lens is made to  affect  the  field  inside  the 
magnetron, it can  under  the  conditions  assumed,  supply 
no more  than  approximately 9 times  the  intensity  avail- 
able  to  the Q plate  aperture by itself,  with  the  latter 
placed  adjacent  to  the  source  exit  aperture.  (This is 
the  ratio  of  exit  aperture  area  to Q plate  aperture  area.) 
The latter  figure  actually  appears  much  too  high.  An 
intensity  increase  of 9 requires  a  magnification  of 1/3 
and  hence an image  to  object  distance  ratio  of 3. This 
forces  the  lens  back so that  only  a  fraction  of  the  beam 
solid  angle  emerging  from  the  source  can  be  intercepted 
by it;  a  maximum of unity  magnification  appears  closer 
to  the  truth. 

The above  pessimistic  conclusions  are  based  on  a 
necessarily  pessimistic,  general  approach  to  the  problem 
which  must  assume  a  broad,  non-homocentric beam  with  a 
broad  energy  distribution  (from  an  optical  viewpoint). 
A beam  more  favorable  to  lens  action  may  actually  exist  and 
the  latter  assumed  problems  may  be  minimal,  hence  the 
necessity  for  experimentation. 

Design and  operation. - Figures B-1, B-2, and  B-3 
show  the  lens  section,  which  consists  of  electrodes Ll, 
L2, and L3. A  design  employing  plane  electrodes  was 
chosen  over  cylindrical  ones  for  compactness,  versatility, 
and for reduction of both  spherical  aberration  and  ionic 
space  charge  effects. The design  chosen is that  of an 
einzel  lens  which  follows  the  proportions  of  the  lens  de- 
signed  and  studied by Zworykin  (ref. B8). As previously 
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d i scussed ,  t h e  e i n z e l  l ens   has   the   advantage   o f   focus ing  
w i t h o u t   i n c r e a s i n g   t o t a l   i o n   e n e r g y ,   a l t h o u g h   t h e   r a d i a l  
and a x i a l  components  of t h i s  energy are changed .   Se lec t ion  
of Zworykin's   design  has t h e  advantage of making u t i l i z a b l e  
the   focus ing   proper t ies   de te rmined   and   p lo t ted   f rom  h is  
exper imenta l   da ta   and   g iv ing   assurance   o f   an   aber ra t ion-  
f r e e   d e s i g n .  

Lens focus ing  i s  accomplished by va ry ing   on ly   t he  
p o t e n t i a l  on L2. Elec t rodes  K 1 ,  Ll, L3 and Q are k e p t  a t  
t h e  same po ten t i a l   (g round)   t o   p rov ide  a f i e l d - f r e e   r e g i o n  
on   each   s ide   o f   t he   l ens   ( r e f .  B9). This  i s  e s s e n t i a l  
t o   a b e r r a t i o n - f r e e   p e r f o r m a n c e   s i n c e   f i e l d s   o n   e i t h e r  side 

of t h e  l e n s  would ac t  t o   d i s t o r t   t h o s e   o f   t h e   l e n s   i t s e l f .  
T h i s   a r r a n g m e n t   a l s o   f u l f i l l s   t h e   z e r o   p o t e n t i a l  re- 
qui rements   o f   the   ax is   o f   the   quadrupole   ana lyzer .  

Lens foca l   l eng ths   can  be determined  from a graph 
publ ished by Zworykin ( r e f .  B l O )  and shown i n  F ig .  B-4. 
As n o r m a l l y   u s e d   f o r   e l e c t r o n s ,   c h a r t   p o t e n t i a l s  Vc* and 
Vo c o r r e s p o n d   t o   t h e   e x t e r n a l l y   a p p l i e d   e l e c t r o d e   p o t e n t i a l s .  
This  i s  b e c a u s e   l e n s   p o t e n t i a l s   ( t o  a good approximation) 
are s o l e l y   r e s p o n s i b l e   f o r   t h e   e l e c t r o n ' s   e n e r g y   ( r e f .  B l l ) ,  

o r   p o t e n t i a l   p e r   u n i t   c h a r g e  ( V / e ) ,  w i t h i n   t h e   l e n s .   F o r  
the   co ld-ca thode   ion   source ,   however ,   ions   have   an   in i t ia l  
spread of ene rg ie s  upon emerging  from  the  source  which 
are independent of l e n s   e l e c t r o d e   p o t e n t i a l s .   I o n   e n e r g y  
w i t h i n   t h e   l e n s  i s  t h e r e f o r e   t h e  sum o f   t h e   i o n s '   i n i t i a l  
energy  and t h a t  r e s u l t i n g   f r o m   l e n s   p o t e n t i a l s .  

* 
Not t o  b e   m i s t a k e n   f o r   t h e   c o l l e c t o r   p o t e n t i a l  symbol 

Vc used   e l sewhere   i n   t he   t ex t .  
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Chart  potentials  were  therefore  determined  by 
first  assigning  a  negative  electrode  potential VI  to 
correspond  to  the  ion's  initial  energy  (e.g.,  VI = -30 
volts  for  a 30 eV ion). If VL1 and VL2 are  the  ex- 
ternally  applied  potentials  to L1 and L2 , respectively, 
then  since VL1 is kept at zero  volts, 

Figure B - 4  therefore  indicates an infinite  focal 
length  for VLn at zero  volts  and  there  is  no  lens  action. 
The  focal  length  decreases  when VL2 is made  either  increas- 
ingly  positive  or  negative.  The  focal  length  approaches 
zero  for  V  positive  and  approximately  equal  to VI. How- 
ever,  for  negative  values of VL2, f -+ 0 only as VL2 -+ m. 

Thus, Fig. B - 4  can  be  used  to  determine  focal  lengths  for 
any  combination of VI  and VL2.  When Vc/Vo > 3 ,  focal 
lengths  can  only  be  estimated. 

L2 

EXPERIMENTAL  PROCEDURES  AND  AUXILIARY  APPARATUS 

Experimental  source  study  was  arranged  into  essentially 
three  stages,  subsequent  to  preliminary  tests, as follows: 
(1)  measurement  without  a  lens of ion  current  intensity vs. 
energy  as  a  function of (a) pusher  cathode  potential VK1 
and  (b)  distance  from  the  ion exit  aperture; ( 2 )  determina- 
tion  of  lens  effectiveness in improving  sensitivity;  and 
( 3 )  measurement  of  ion  current  intensity  vs.  energy as a 
function  of  gas  composition  and  pressure. 
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The "Swagelok"  fitting  was  used in stages (1) and 
(2). It allowed  positioning of probe  and  lens  via  the 
positioning  rod  (Fig. B-2) without  opening  the  flange 
and  allowed  each  new  distance  between  components  to  be 
measured  externally.  Completion  of  stages (1) and (2) 
allowed  positioning  to  be  fixed  and  allowed  removal of the 
"Swagelok"  teflon  washers,  to  permit  high  temperature 
bakeout of the  source  in  preparation  for  stage ( 3 ) .  

Preliminary  to  experimental study, considerable  care 
was  exercised in aligning  internal  source  components. This 
was  critical  for  lens  studies,  since  a  narrowly  focused 
beam  might  miss  an  off-centered  probe  aperture,  for  example. 
Critical  elements of the  magnetron  and  probe  were  assembled 
with  the  aid of alignment  jigs.  These  centered  and  spaced 
the  elements  within  their  respective  mounting  cylinders. 
Lens  elements  were  machine  fitted.  Subsequent  to  assembly, 
the  entire  source,  including  the lens, was centered in a 
lathe  and  alignment  further  checked  with  a  cathetometer. 
Necessary  adjustments  were  made by bending  the  kovar- t e  
glass  supporting  studs. 

Prior  to  assembly,  electronic  components were polished 
to  prevent  high  voltage  breakdown,  undesirable  field 
emission and undesirable  electrostatic  field  perturbations. 

The  vacuum  system  employed is shown  schematically in 
Fig. B-5. A top  view  is  shown  photographically in Fig. 
B-6. The overall  test set up is shown in Fig. B-7. The 
vacuum  system  was  divided  into  upper  and  lower  manifold 
units.  This  arrangment  allowed  the  upper  portion  to  be 
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Figure B-6 V i e w  of the  Upper Manifold  Portion of the Vacuum System 



Figure B-7 View of Vacuum  System and Associated  Electronics 



oven  baked  while  being  pumped  from  below.  Subsequent 
to  bakeout,  the  upper  manifold,  thus  cleaned, was valved 
off  from  the  lower  and  pumped on itself. 

The upper  manifold  consisted of the  cold-cathode ion 
source,  a  modulated  Bayard-Alpert  gauge, an 11 liter  per 
sec.  Ultek  Model  10-252  ion  pump,  a  Granville-Phillips 
Type L ultrahigh  vacuum  valve  for  valving  off  the  upper 
manifold  from  the  lower  and  a  Varian  valve  for  closing 
the  ion  pump. A Granville-Phillips  thermostatically  con- 
trolled oven was  used  for  baking  the  upper  manifold  system. 

The lower  manifold  consisted of a  20  liter/sec  Ultek 
Model 10-354 ion  pump,  a  small  mechanical  pump,  a  port  for 
feeding  gas  to  the  system  and  associated  Granville-Phillips 
UHV  valves  for  closing  off  the  three  outlets. 

Energy  spectra were obtained  with  the  aid  of  a 
battery-operated  Keithley  Model  600A  electrometer. 
Measurements  of  collector  current IC vs. collector  potential 
Vc  were  made by insulating  the  electrometer  from  ground 
via  a  Styrofoam  block  and  reading  currents  with  the  case 
raised  to  the  selected  Vc  values.  Collector  leakage  cur- 
rents,  obtained  with  the  anode  potential off, were  sub- 
tracted  from  collector  current  readings  after  each  set 
of  readings  were  obtained. 

Keithley  Model 610 electrometers  monitored  the  re- 
maining  electrode  currents I and IK . A Moseley  (Model 
2D-2A) X-Y recorder  proved  expeditious  for  recording  source 
characteristics  during  the  lens  experiments. 

Q 1 
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Magnetic  field  measurements were made  prior  to  source 
studies  and  again  during  lens  experiments. 

EXPERIMENTAL  RESULTS AND CONCLUSIONS 

Ion  Beam  Studies  Without  the  Lens 

Ion energy  distribution vs. VK1 . - Initial  experiments 
were concerned  primarily  with  determining  which  value of 
pusher  cathode  potential  V  would  provide  the  highest ion 
beam  intensity  through  the Q aperture and with  determining 
the  resulting  ion  (and  electron)  energy  distribution. The 
results  of  these  experiments  are  shown  in  Fig. B-8. 
Collector  current IC is  plotted  vs.  collector  potential  Vc 
for  -110 < Vc < +110  volts  and  for - 4 0  < VK1 < + 4 0  volts. 

K1 

The K2 to Q distance  chosen was 0.61  in.,  approximately 
the  same as used in the  feasibility  study.  Anode  potential 
was 5.6 kV and  the mean  pressure  was 5.5 x lo-* Torr  (nitro- 
gen).  The  axial  magnetic  field at the  center of the 
magnetron  was  1225  gauss. 

The  curves  for  positive  Vc  display  steep  slopes 
initially,  gradually  leveling  off  as  Vc  increases.  This 
indicates  a  predominance of low  energy  ions  for all values 
of VKl, enabling  high  quadrupole  analyzer  sensitivity. 
Highest  sensitivities  are  indicated  for  V ~~ 5 0, since 
the ratio  of  differential  collector  current  to  differential 
retarding  potential  (AIc/AVc)  is  then  greatest.  How- 
ever, a  predominant  electron  component  is  also  indicated 
for VK1 5 0. For  negative  values  of VK1 reliably  to 
represent  a  quantitative i.on energy  distribution, it is 
therefore  essential  that  the  electron  current  passing 
through Q remain  constant  for all positive  values of Vc. 

B-30 



Figure B-8.- Col lec tor   cur ren t   vs .   co l lec tor   po ten t ia l  for selected  pusher 

cathode  potent ia ls  (VK1) 



Although  Helmer  and  Jepson  (ref.  B12)  apparently 
assumed  a  constant  electron  current  when  probing  the  ion 
energy  distribution  of  a  Penning  source  having  a  large 
electron  component, it was  considered  essential  to  in- 
vestigate  this  situation  experimentally.  For  this  purpose, 
data on IC vs.  negative Vc., shown in Fig. B-8 was  taken. 
The  verification  sought  was  based  in  the  following  reasoning: 

If  the  electron  component  remains  constant  for 
positive Vc.,then the  ion  component  must  remain 
constant  for  negative  Vc.  At  some  negative  value 
of  Vc ,when all  electrons  are  retarded,  the  total 
ion  current  will  be  indicated  as  the  absolute 
value  of  IC.  This  value  must  therefore  equal  or 
exceed  the  ion  current, A IC , indicated  for 
positive  values  of  V I over  some  range A Vc . 

C 

Over  the  negative  Vc  range  investigated,  the  data of 
Fig. B-8 fails  to  give  the  sought  after  verification.  For 

vC 
< -50 volts,collector  current is essentially  constant  and 

independent  of VKl. The data  therefore  indicates  that 
essentially  all  electrons  have  been  retarded.  Hence  a  total 
ion  current of approximately 0.5 x 10"' amps  is  indicated. 
This  fails  to  equal  or  exceed  ion  currents  indicated  for 
positive Vc when VK1-< 0. For  example,  for V K ~ =  -40 volts 
and A Vc = 100  volts (0 < Vc < + l o 0  volts), A IC = 1.8 X 

amps. 
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Two explanations  are  possible.  One is that  some  electrons 
have not been  retarded due to the  presence of a  higher  energy 
component,  this  would  mean  that  the  plateau  value  of IC does 
not  represent  total  ion  current. The other  explanation 
(possibly  in  combination  with  the  first)  is  that  the  change 
in IC with  positive  V is caused by drawing in increasing 
numbers  of  electrons  through Q as  Vc is made  increasingly 
positive.  Lens  study data, to  be  discussed  shortly,  supports 
the  latter  explanation.  However,  a  careful  extension of 
the  data  to  values of +_ V  in  the  vicinity of anode  potential 
might  be  required  to  answer  these  questions  more  completely. 

C 

C 

In Fig. B-9, differential  collector  currents,  obtained 
from the data of  Fig. B-8, have  been  plotted  against VK1 
for  selected  intervals  of  retarding  field  potentials. In 
view  of  the  above  discussion,  only  those  currents  plotted 
for  positive  values of VK1 can be  considered  a  valid 
quantitative  representation  of  ion  beam  current  as  a  function 
of  energy  (only  small  electron  components  are  indicated  for 
these  values in Fig. B-8). The  values  shown  for  negative 
VK1 are  probably  too high, although  possible.  Very  likely, 
they  are  of  the  same  order  of  magnitude as those  of  positive 

vK1 
of  positive  values  of  V  The  percentage of the  beam  made 
up of particular  energy  ions is shown  to  be  essentially 
invariant  with VKl, with  low  energy  ions  predominating. 

Values  of IC are  shown  to  be  essentially  independent 

Figure  B-10  shows  a  typical  integral  ion  energy  spectrum 
indicated by  the data of Fig. B-8. Ion beam  sensitivity in 
amps/Torr is plotted  against  ion  energy  for VK1 = +40 volts. 
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I t  i s  seen  for   example  that   ions   between  zero  and 30 e V  

c o n s t i t u t e   a b o u t  2/3 of   the   ions   under  1 0 0  e V  whi le  i o n s  
between  zero  and 1 0  e V  c o n s t i t u t e   a b o u t  h a l f .  

C d i s L a n - c - e . .  - In  view  of 
t h e  above  discussed  lack  of   evidence  of  a convincing  sen-  
s i t i v i ty   advan tage   o f   one   va lue   o f  VK1 o v e r   o t h e r s ,   s t u d i e s  
o f   i on   ene rgy   spec t r a   v s .   d i s t ance  were conducted w i t h  VK1 = 

+ 4 0  vo l t s ,   z e ro   and  -40 v o l t s .  The r e s u l t s  of these s t u d i e s  
a r e  shown i n   F i g s .  B-11 ,  B - 1 2 ,  and B-13 r e s p e c t i v e l y .  
D i f f e r e n t i a l   c o l l e c t o r   c u r r e n t   b e t w e e n   z e r o  Vc and selected 
p o s i t i v e   v a l u e s  i s  shown over  a K2 t o  Q d i s t ance   r ange   o f  
0 . 1 4  i n .   t o   1 . 8 3   i n .  

Condi t ions are e s s e n t i a l l y   t h e  same as i n   p r e v i o u s l y  
d i scussed  data inc lud ing  a mean pressure   o f  5 .5  x Torr .  
However, there i s  a p r e s s u r e   v a r i a t i o n   o f  ? 0.3 x 1 0  Tor r .  
(The d a t a  shown a t  0 . 6 1  i n .  i s  taken  from t h e  d a t a   o f  F i g .  B-8 ,  

a l r e a d y   d i s c u s s e d . )   D i f f i c u l t i e s  were encountered w i t h  

what appea red   t o  be c h a n g e s   i n   o p e r a t i o n a l  mode. A s  a 
r e s u l t ,   c a t h o d e   c u r r e n t  IK1 was observed  to   change by as 

much as 35%. While care w a s  t a k e n   t o   p r e s e r v e  t h e  same 
mode f o r  a l l  d a t a   t a k e n ,  there is  doubt   about  t h e  mode f o r  

- 8  

vK 1 
= + 4 0  v o l t s   a t  0.88 i n .  (F ig .  B - 1 1 ) .  The indicated 

c u r r e n t   t h e r e f o r e  may be i n  e r r o r  by as much as +35%. 

For a l l  three values   of  VKi , t h e  h i g h e s t   d i f f e r e n t i a l  
c o l l e c t o r   c u r r e n t  i s  s e e n   t o   b e   o b t a i n e d   n e a r e s t  t h e  beam 
e x i t   a p e r t u r e ,  ( w i t h  t h e  excep t ion   o f   va lues   fo r  VK1 = + 4 0  
a t  a d i s t ance   o f   0 .88   i n .   fo r  Vc > 3 0  v o l t s ) .  A c u r r e n t  
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peak  also  occurs at a  point  more  distant.  For VK1 = zero 
volts  and +40 volts  the  second  peak is approximately  at 
0.88 in.,  while  for VK1 = -40  volts it is  further  but 
less  precisely  indicated  (due  to  the  limited  data ob- 
tained).  The  precise  energy  distribution  is  seen  to  vary 
with  both  distance  and VK1. However, low  energy  ions 
are  indicated  to  predominate  over  all  values  of VK1 and 
distance  in  a  manner  approximating  that  shown in Fig.  B-10. 

Considering  ions  with  energy < 30 eV  as  an  example,  the 
highest  indicated  sensitivities  are 5 . 5  ma/Torr forVK1 = +40 
volts, at distances of both  0.14  in.  and 0.88 in.  For VK1 = 

zero  volts  and  -40  volts  the  indicated  sensitivities  are 
8 0  mA/Torr  and 76 mA/Torr respectively,  both at.0.14 in. 
However, in view of the  large  electron  component  present 
for  the  latter  two VK1 values,  their  sensitivity  figures 
are  probably  too  high, as discussed  earlier. 

The  more  conservative  figure  of 5 . 5  mA/Torr  obtained 
for VK1 = +40 volts at a  distance  of  either 0.14  in.  or 
0.88 in.  compares  with 5.1 mA/Torr  obtained  with  the  source 
used  in  the  feasibility  study.  Since  the  latter  used  a Q 
aperture  (then  called A-2) nine  times  the  area  of  the  present 
one, a  minimum  sensitivity  improvement  of a factor  of 10 is 
indicated  without  the  use  of a lens. 

Lens  Effectiveness 

Three  positions of lens  and  probe were selected  for 
experimentation,  as  follows: 

(1) K2 to L2 = 1 . 3 8  in. and K2.to Q = 1 . 8 3  in. 
This  constitutes an object  distance (K2 to L2) 
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approximately  three  times  the  image  distance 
(L2 to Q) to provide a 1/3 magnification  of 
the K2 exit  aperture at Q. A minimum of 
one L3 aperture  diameter  was  left  between L3 
and Q to  prevent  distortion  of  the  lens  field 
and consequent  aberration. 

K2 to L2 = 0 . 8 2  in.  and X2 to Q = 1.63  in. 
This  constitutes  the  closest  proximity  between 
X,, lens and Q for  largest  beam  fraction  inter- 
ception  without  lens  field  perturbation,  either 
by  the  magnetron  field  or  adjacent  electrodes. 
In the  event of a  nearly  parallel  beam,,  nearly 
a l l  ions  would  be  focused  into Q (discounting 
aberrations) by making Q the  focal  point. 

( 3 )  K2 to L, = 0.46 in.  and K, to Q = 0.90 in. 
This coristitutes  approximately  the  closest 
possible  distance  between K,, the  lens  and 
Q without  the  three  physically  touching  each 
other. The largest  beam  fraction  is  thereby 
intercepted by  the  lens while Q is  also  closest 
for  maximum  demagnification,  which  in  this  case 
is unity. There is  no  regard  for  field  per- 
turbations by electrode  or  magnetron  field 
proximity  and  the  importance of such  aberrations 
vs.  the  importance of intercepting  a  larger 
fraction  of  ion  beam  is  thereby  tested.  The 
possibility  exists  of  lens  interaction  with  the 
field of the  magnetron  for  extraction  of  a  larger 
number of ions and  of  focusing  a  near  parallel 
beam  into Q (magnification  is  then  unimportantg. 



By varying  lens  potentials  over  several  hundred  volts, 
the  requisite  focal  distances  for  the  indicated  positions 
should  be  attainable.  This is discussed in a  previous  section 
entitled  "The Lens", together  with  a  fuller  discussion  of  the 
reasons  underlying  the  choice  of  the  experimental  conditions 
selected  and  of  expected  lens  performance  limitations. 

Examples  of  data  obtained ct position  (1)  are  shown 
in  Figs.  B-14*  and  B-15  for VK1 = zero and. +40 volts, re- 
spectively.  Collector  current IC is shown  plotted  against 
lens  potential VL2 for  -120 < VL2 < +120  volts.  This  was 
done  for  several  values  of  retarding  potential  Vc, as shown, 
to  note  the  effect on ions of different  energies,  since 
focusing  will  be  energy  dependent.  Other  conditions  are 
essentially  the  same  as  for  previously  discussed  experiments 
without  the  lens. 

It is  seen  in  Fig.  B-14  and  to  a  lesser  extent  in 
Fig.  B-15  that  the  ratio  of  differential  collector  current 
to  differential  retarding  potential,  AIc/AVc,  increases 
as VL2 becomes  more  positive  and  decreases  as  it  becomes 
more  negative.  Superficially,  this  appears  to  indicate  ion 
focusing  and  ion  defocusing,  respectively.  However,  such 
behavior  seems  highly  unlikely.  An  important  reason  is  that 
low  energy  icns  are  indicated  to  be  convergent  long  after 
VL2  is  sufficiently  positive  to  retard  them; e.g., 10  eV 
ions  (indicated  by IC for 0 < Vc < 10 volts)  are  still  shown 
increasing  when VL2 is  +120 volts. 

This  anomalous  behavior  can  be  accounted  for by 
focusing  of  electrons in the  beam.  For VK1 = 0 (Fig.  B-14) 

* 
Figures  B-14  through  B-19  are  machine  plotted  and 

therefore  no  data  points  are  shown. 
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this  effect  predominates  over  ion  focusing,  over  the 
range  shown.  Electron  focusing  is  evident  because IC goes 
negative  as VL2 goes  positive  even when Vc = 0. However, 
as'indicated by previous  data  obtained  without  the  lens, 
electrons  also  appear  to  be  drawn  through Q when  Vc  is  made 
positive.  Therefore,  when VL2 is  made  increasingly  positive 
this  effect  would  be  enhanced  and  thus  account  for  the 
apparent  increase in ion  current.  For VK1 = +40 (Fig.  B-15) 
this  effect  is  smaller  since  there  are  fewer  electrons  in 
the  beam. 

vL2 

When VL2 is  made  negative,  low  energv  electrons  are 
eventually  repelled.  Figure  B-8  shows  that at VK1 = 0 the 
electrons  (or  their  low  energy component). have  a  maximum 
energy of about 2 0  eV. In Fig.  B-14, AIc decreases  until 
Vc  is  approximately -20  volts.  This  indicates  that  only  at 
that  point is AIc  purely  ionic. The latter  effect is 
pronounced  for VK1 = 0 volts  because  of  the  predominant 
electron  beam  component.  This  effect  also  accounts  for  the 
increase in IC at  Vc = 0, where goes  negative.  For vL2 
vK 1 = +40 volts,  the  effect is negligible  due  to  the 
very  small  electron  component. Thus, much  of  the  anomalous 
ion  defocusing  shown  for  negative VL2 appears  accounted  for. 

The  focusing  pattern of position (1) was  repeated  for 
position ( 2 ) ,  as  indicated in Fig.  B-16. 

While  a  complete  understanding of this  complicated 
situation  would  require  perhaps  considerably  more  study, it 
must  be  concluded  that  the  lens  provides no reliable  improve- 
ment  in  ion  sensitivity.  This  possibility  was  anticipated 
and a  number  of  reasons  for it discussed in "The  Lens"  section. 
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for  selected  Vc values at position 1, V K1 = +40 volts 
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Figure  B-16.-  Effect of lens  potential  variations: I, vs. VL2 for selected 
V, values  at  position 2, VK1 = zero  volts 



Focusing was also  investigated  by  plotting  collector 
current IC against Q aperture  current I as  a  function of Q 
"L2 

This  was  based on the  reasoning  that  when  focusing 
occurs, it must  be  indicated  by  both  a  maximum  positive 

and  by  a  maximum  Ic/I  ratio.  A  wider range  of  lens IC Q 
potentials  were  used  here, in consideration of the  possibility 
that  a  space  charge  effect  in the  lens  might  be  altering 
its  equipotential  distributions. 

A  representative  curve  obtained  for  position ( 2 )  is 
shown  in  Fig.  B-17,  for VK1 = 0 volts.  Arrows  along  the  curve 
indicate  the  direction  taken by the  data as VL2  was  varied 
from 0 to +540 volts  and  from 0 to -540 volts. Ion  focusing 
is indicated  for  both  positive  and  negative  values of VL2. 
The  most  intense  focusing is indicated  for  positive VL2, 
with  a  peak  occurring at VL2 = +510 volts.  However, IC 
vs. V curves  obtained  for VL2 = +510 volts  showed  no 
improved  ion  current  sensitivity  in  the  energy  range of 
interest. The same  results  were  obtained  for VK1 = +40  

volts  and - 4 0  volts. 

C 

The  focusing  curve  obtained at position ( 3 )  is shown 
in Fig. B-18; it includes  data  for VK1 = 0, - 4 0  and "40 

volts. Fig. B-19 shows  the  associated IC vs.  V  curves 
obtained at these  focusing  potentials,  for -40 < Vc < +40 
volts. As before,  no  improvement in ion  current  sensitivity 
is  evident at these  low  energies.  (On  the  contrary,  this 
approach  has  led to a  decided  ion  current  decrease.) 

C 
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Vacuum  Performance  Characteristics 

Subsequent  to  the  above  studies,  the  instrument  was 
prepared  for  the  final  stage of experimentation,  requiring 
clean  up of the  source  and  system  for  operation  well  below 
lo-' Torr. This phase  is  primarily  concerned  with  determina- 
tion  of  the  behavior of ion  collector  current  as  a  function 
of  pressure  and  determination of the  effects on the  ion 
energy  distribution  of  gas  composition. 

The design  originally  called  for  replacement  of  the 
"Swagelok"  connector  with  a  ceramic  feedthru  after  sensitivity 
studies  were  performed.  However,  it  was  decided  that  dummy 
"Swagelok"  fittings,  substituting  steel  washers  for  teflon, 
would  enable  high  temperature  bakeout,  while  lens  or Q 
plate  feedthrus  could  be  used  for  the  collector. 

Unfortunately,  subsequent  to  high  temperature  bakeout 
of  the  source  with  the  latter  arrangement,  leaks  developed 
in three  of  the  feedthrus.  Repeated  attempts at repairing 
them  without  hazarding  new  feedthru  welding  operations 
proved  unsuccessful. It was  therefore  impossible  to  con- 
duct the gas composition  and  linearity  studies  under  this 
contract.  (Sensitivity of IC and I vs. pressure  was  checked 
and  found  to  be  linear  between 1 x 10 and 5 x lo-' Torr. 

K1-8 

QUADRUPOLE MASS SPECTROMETER  DESIGN 

Summary  of  Design  Criteria 

sons  for  selection  of  the  quadrupole  analyz Rea ,er, dis- 
cussion of its  general  design  criteria  and  mass  scanning 
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modes, as  well  as  associated  references  are  contained in the 
final  report  for  Contract  NAS1-2691,  Task 2 (Appendix A). 
The  following  design  equations  and  mode  selection  are  taken 
from  that  report. 

The  quadrupole  mass  analyzer is illustrated  in  Fig. B-20 
together  with  ion  source and ion  detector;  symbols  used  in 
the  following  discussion  are  also  indicated.  The  analyzer 
consists  of  four  rods  with  superimposed  steady  state  and 
rf  potentials on each. The  rf  potential on one pair of 
rods is 180' out of  phase  with  the  other  pair.  Operation 
derives  from  the  motion of ions in the  field of these  rods. 
The  descriptive  equations  of  their  motion,  using  Cartesian 
coordinate  axes, x, y and z, are 

MY - e (U + v cos 27rvt) y/ro* = o ( B 3  1 
.. 

where 

M = mass  of  the  ion 

U = steady  state  rod  potential 

V = rf  rod  potential 

v = frequency  of  the V potential 

e = electronic  charge  on  the  ion 

r = radius  of  circle  inscribed  by  the  four  rods 
0 

Ion trajectories,  determined  from  the  solution of these 
equations  may  be  either stable or  unstable. If unstable,  or 
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if  stable  with  amplitude - ro, the  ions will be  captured by 
the  rods  after  a  sufficient  number of cycles of the rf field. 
The  filtering  process  operates by providing  stable,  bounded 
paths  only  for  the  mass  selected. A stable  trajectory 
exists  if 

’> 

M = 2.30 x 10 -20 v/v2r02. 

A mass  spectrum  is  thus  scanned by varying  V and/or 
v. (Mks  units  are used  unless  otherwise  stated.) 

Three  scanning  modes  have  been  described in the 
literature.  The  mode  selected  requires  the  mass  peak width, 
AM, to  remain  constant.  Since  the  resolution is determined 
from 

M 0.126 
” 

AM 0.16784-U/V 
- 

the  selected  scanning  mode  and  a  choice of 1  amu  for AM 
requires  that 

U = 0.1678 V - 9.10 x LO-’ v2r 
0 

(B6 1 

For  a  fixed  peak  width,  100%  transmission of stable  ions 
can be  obtained by satisfying  the  following;  conditions: 

Potential  stability = - (--) 
1 AM 
2 M  (B7 1 

Frequency  stability  and  dimensional  accuracy = 

1 AM 
M 

7 (-1 



where T,,, 
on axis  (in  electron  volts). 

U = maximum  transverse  energy  of  ions  injected 

uA = 5.82 x  10 - 
2 

- 3  L*V 
max 

where ubax = axial  ion  energy and L = length of the 
quadrupole  rods. 

AM 
dmax 

where dmax = maximum  allowable  beam  diameter  for  axially 
directed  ions. 

The  power P required  of  the  device  is 

P = 2.36 X 1040CM2v5r02/Q (B12 1 

where  C = total  capacitance of the  quadrupole  and Q = 

figure of merit of the  final  tank  circuit of the rf  generator. 

* 

Design  Chart 

Construction. - A design  chart  has  been  constructed  to 
simplify  the  otherwise  complicated  interrelationships of 
quadrupole  design  parameters  and  thus  to  allow  selection of 
characteristics  that  will  be  optimally  matched  to  those  of 
the  cold-cathode  ion  source. 

* 
No relation  to  the  Q  aperture  plate  symbol  used  else- 

where in the  text. 



For  the  detection of masses  from 2 to 100 amu, selection 
of  a  mode  where AM remains  fixed  and  equal  to 1 amu  ensures 
that  essentially  no  adjacent  peak  overlap  will  occur.  Im- 
position of the  requirements  of  Eqs. (B7) through  (Bll)  en- 
sures  essentially 100% transmission  of  stable  ions.  Design 
flexibility  has  thus  been  reduced.  However,  still  unspecified 
and/or undetermined,  are  values  for V, ro, UTmaxl d, p ,  u 
L, v and  U. 

%ax 

To clarify  the  interdependency  of  these  parameters,  the 
preceding  design  equations  have  been  rewritten  in  terms 
of  a  minimum  number of variables.  These  are V, ro and L.  

(While A M ,  M, C and Q also  enter  into  the  equations,  they 
are  fixed. AM is 1 amu,  M  has  a  maximum  value of  100  amu 
and Q and C are  made  as  high  and  low,  respectively,  as 
practicable;  reasonable  estimates of these  values,  which 
were  used in the  preceding  equations  are Q = 3 0 0  and C = 100 
pF.) Constants in the  rewritten  equations  have  been  cal- 
culated  for  all  variables in mks  units  except  for  M  and 
AM,  which  are  in  amu.  The  following  equations  remain  un- 
changed : 

- v AM 
max 15 
" 

- 3  L2V ( A M )  
uA = 5.82 X 10 - 
max  r 2 M  

0 

AM 
dmax = ro 

Eqclation  (B4) is rewritten  to  give I) explicitly in the 
new  units 
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Equation ( B 1 2 )  i s  r e w r i t t e n  by s u b s t i t u t i n g  M from 
Eq. ( B 4 )  and v from E q .  ( B 4 a ) .  Th i s   g ives  

1.52 x 10 V - a  5/2 
P =  

r o M  4 

Equation ( B 6 )  i s  r e w r i t t e n  by s u b s t i t u t i n g  v from 
Eq. ( B 4 a )  . This   g ives  

U = V (0.16784 - 0.125/M) 

( B 1 2 a )  

or 

'max 2 0.168V ( f o r  M = 1 0 0  amu) . (B6b) 

The d e s i g n   c h a r t  w a s  constructed  f rom a se lec ted   range   of  
v a l u e s   f o r  V ,  r and L us ing   the   above   equat ions .  I t  i s  

shown i n   F i g .  B-21 .  
0 

V ,  r o ,  and L are  independent of each   o the r .  A l l  o t h e r  
parameters   depend  on  e i ther  V ,  r or  both  and are t h e r e f o r e  
t a b u l a t e d  t o  t h e i r   r i g h t .  L e f f e c t s   o n l y  U h a x  and   t he re fo re  
heads   on ly   the  'Amax columns. The c h a r t  i s  cons t ruc t ed   w i th  
M = 1 0 0  amu, t h e   l a r g e s t  mass t o  be analyzed.  

0 

I n t e r p r e t a t i o n  and s e l e c t i o n   o f   v a l u e s .  - Once a des ign  
i s  chosen, r L ,  v ,  and U remain  f ixed.  L and r o  re- 
main   f ixed   because   they   ps r ta in   to   the   phys ica l   d imens ions  
of the   quadrupole   (F ig .  B - 2 0 ) .  Frequency v i s  k e p t   f i x e d  
by mode choice.   Fixed values  of v and ro  t h e n   f o r c e   t h e  
r a t i o  V/M t o  remain   f ixed  (Eq.  B4a).  Since M = 1 amu, and 

O 1  Amax 
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I 1 I I 

530 
i 

0.5  0.33  0.5  1.660 
0.9  0.33 0.9 1.922 
1.3  0.33  1.3  0.639 
2.0  0.33  2.0  0.415 

I 

I I I 
1000 0.5  0.67  0.5  2.340 

0.9  0.67  0.9  1.300 
1.3  0.67  1.3  0.900 
2.0  0.67  2.0  0.585 

2000  0.5  1.34  0.5  3.320 
0.9  1.34  0.9  1.840 
1.3  1.34 1.3 1.280 
2.0  1.34  2.0  0.830 

3000  0.5  2.00  0.5  4.070 
0.9  2.00  0.9  2.260 
1.3  2.00  1.3  1.560 
2.0  2.00  2.0  1.030 

I I I b I I 
5 00 0.5  5.00  0.5  6.430 

0.9  5.00  0.9  3.580 
1.3  5.00  1.3  2.470 
2.0  5.00  2.0  1.600 

e (watts)  

1.700 
0.950 
0.655 
0.425 

9.600 
5.250 
3.690 
2.400 

54.500 
30.200 
21.000 
13.600 

150.000 
83.000 
52.500 
38.000 

1480.000 
822.000 
568.000 
368.000 

T 
L=5cm, L=lOcm 

2.890  11.60 
0.893 
0.428 

3.56 

0.72  0.181 
1.71 

5.750 

0.361 
3.40  0.850 
7.10  1.770 
23.00 

1.44 

11.600 

0.725 
6.90  1.730 
14.30 3.520 
46.20 

2.90 

17.400 

1.110 
10.20  2.560 
21.40  5.380 
69.70 

4.45 

43.600 

2.730 
25.60  6.400 
54.80  13.400 

174.00 

10.90 

T 
! 

I 

25.90 46.40 72.60 84 
9.00 14.20 22.40  a4 
3.84 6.85 10.70 84 
1.62 2.89 4.52 8 4  

51.80 92.10 144.00 167 
15.90 28.40 44.40 167 
7.65 13.60 21.30 167 
3.25 5.78 9.05 167 

104.00 185.00 290.00 334 
32.00 57.10 88.00 334 
15.50 24.20 43.10 334 
6.60  11.60  18.40  334 

157.00 279.00 436.00 5 0 1  
48.60 85.60 129.00 501 
23.10 41.00 64.10 501 
10.00 17.80 27.90 501 

392.00 697.00 1091.00 1250 
122.00 215.00 337.00 1250 
57.90 102.00 160.00 1250 
24.70 43.70 68.40 1250 

I I I 

1 

Figure B-21.- Quadrupole Design Chart 



since V/M, L and ro are  fixed UT 
main  fixed (.Eqs. B9 and  B10). 

and "%ax max 
must  also  re- 

As a  consequence  of  the  above  fixed  values, V, dmax, 
P and  U  are  mass  dependent.  This  is  evident by inspection 
of  Eqs.  (B4a),  (Bll),  B12a),  and  (B6a),  respectively. 
Since  numerical  chart  values  are  calculated  for M = 100,amu 
values of V, P and U shown  are  the  maximum  required,  while 

dmax is  the  smallest  required. 

Selection of the  mutually  independent  parameters  V 
(for  mass 1001, ro and L specifies  the  quadrupole  design. 
Determination of optimum  values  will not be  considered. 

It is evident  from  the  chart  that  the  larger V is 
made,  the  larger  is  the  resulting  analyzer  sensitivity, 
since  both UT,,, and '%ax are  thereby  increased.  The 
value  of V has  no  effect on the  maximum  allowable  beam 
diameter  dmax  and it poses  no  design  problem  on  frequency 
L, or  steady  state  potential U over  the  ranges  tabulated. 
The upper  limit on V is determined by  the  associated  power 
requirements P. The higher V is made  the  larger  is  the 
resulting P, with  resultant  increases  in  size and cost  of 
the  rf  power  supply.  The  Atlas  quadrupole  described 
by Brunnee  (ref. B13) uses  a  power  supply  whose  size 
appears  reasonable. It produces 3 0  watts of rf  power,  in 
addition  to  other  power  requirements.  This  is  accomplished 
in  a  standard  rack  mounted  chasis  with  9  x  19  in.  front 
panel  dimensions.  This  would  allow V in the  2000  to 3000 volt 
range  and  results  in  a  U  of  about 2.00 eV. 

Trnax 
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The  chart  illustrates  that  increasing ro has  two 
opposing  effects on quadrupole  sensitivity: (1) It in- 
creases  the  sensitivity by allowing  increased  beam  diameter 
(since  dmax is proportional  to  r  (Eq.  Bll), areaand, hence., 
sensitivity is proportional  to  r 2 ) .  ( 2 )  It decreases 
sensitivity  by  restricting  the  permissable  axial  ion  energy 
U is  inversely  proportional  to  r  (Eq.  B10). Ex- 
perimental  results  indicate  condition (1) to  be  overriding 
since  the  ion  current  rate  of  increase  diminishes  with  in- 
creased  ion  energy  (Fig.  B-10). 

0 

0 

%ax 0 

The  chart  also  shows  that  increased ro results  in  a 
beneficial  decrease  in  power  requirements.  Resultant 
frequency  changes  are  unimportant  and no other  parameters 
are  affected.  The  primary  limitation on r is the  detri- 
mental  effect of large  rod  surface  area on vacuum  performance. 
(Rod  radius  is  1.16 x ro. The diameter of the  total  cross 
sectional  area of the  instrument is 6.64 ro.)  For  V  between 
2 0 0 0  and 3000 volts, an r  of  about 1.0 cm  appears  to  be 
a  reasonable  compromise. 

0 

0 

It is  obvious  that L affects  only U h a x ,  which is 
proportional  to L2 (Eq. B9). It is  therefore  desirable 
to  make L as  large  as  possible  to  increase  sensitivity. 
However,  the  radial  energy  component  limitations  (about 
2.00 eV)  imposed  by  power requirement  limitations,  dis- 
cussed above, limit  the  sensitivity  gain  resulting  from 
very  long rods; few  ions  can  be  anticipated  to  have  less 
than  a  few  percent of their  total  energy  in  a  radial 
component.  A  'Amaxbetween 30 and 100  eV  therefore  appears 
adequate.  This  can be accomplished  with  a  rod  length of 
about 2 0  cm  for  the  above  selected  values of ro and V. 
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CONCLUSIONS 

It  is concluded  that the next stage of development 
should involve the physical  coupling of a  quadrupole mass 
analyzer and  the cold-cathode  ion source. The present 
basic source configuration should  be  used  and situated so 
that the quadrupole  entrance aperture is  at one of  the 
positions of greatest intensity. Both analysis and ex- 
perimental  results  indicate  that a lens will  not benefit 
this situation. 
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